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I, Richard Lemer, hereby declare that: 

I . I was educated in the biomedical sciences at Northwestern 
University and at Stanford University where at the latter, I received a B.S. and an M.D. 
degree. I interned at the Palo Alto Stanford Hospital and was a postdoctoral fellow in 
experimental pathology at the Scripps Clinic and Research Foundation. For the next 
thirty years, I have held various scientific positions at the now Scripps Research Institute, 
the world's largest, private non-profit btomedical research facility. During this time, I 
also held administrative leadership positions at Scripps, the most prominent being 
chairman of the Department of Molecular Biology from 1982-1986 and then president of 
The Scnpps Research Institute. I have conducted research for over thirty years and am 
the author or co-author of over 370 published scientific articles in biomedical science. 
Many of the publications from the late 1980s and early 1990s deal with issues of antibody 
specificity and antibody expression. 1 have been a member of the editorial board of more 
than 10 scientific journals and have been an official reviewer for hundreds articles 
submitted for publication. A brief summary of my accomplishments and a recent copy of 
my Curriculum Vitae is attached as APPENDIX 1 . 
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Because immunoglobuhn production ,s a 
taction of cells of .he B-lymphocyte ^*»?>£* 
,ha. the conditions for proper Ig gene express™ w be 
provided onl y in appropnate rmmunocompetan. cells. 

Such views were — y held and reflect a prevailing strong prejudice through 
much of the ,980s agains, .he possibility of using non-B ceils ,0 express antrbodres. 

6 As the commercial value of monoclonal antibodies became 
evident in .he la.e ,970s and earl y ,980s, emphasrs was p,aced on producing these 
antibodies through recombinant expression so .ha. rmproved feamres cou,d be engmeer* 
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In a dd,,io„. a, the ,,me of ,he Dunng dtssertafon. i, had no, been debated tha, plan, 
cells con.a,n=d a BiP protein or an analogue tha, would function equivalent!,. My 
analysis, therefore, convinces me tha, aperson of sk.ll in ure field of immunology or 
protein expression would have been prejudiced m the time frame up through October 27, 
1 989 against the possibility that plants could be used to assemble antigen btndtng 
immunoglobulins, despite the fact that success was observed in a few selected examples 
of unicellular microorganisms. 

8 It should be apparent from the above that there was a sound basis 

.mmunoglobulin which i. antigen specific around the time of the During dissertate 
(circa 1988/1989). Were this not the case, then Applicant's invents clearly would not 
have been roundly hailed in both the scientific literature and in the general press as a 
significant scientific discovery and medical breakthrough. 12 Because of this prejudge, 
the ordinary skilled artisan in 1988/1989 would have shown a good deal of skepttcism 
whenevaluatingevidencesupportmgaclaimofsuccessful antibody assembly m plant 
cells and would not be convinced unless the proof was well founded. As will be 
discussed below, the proof supporting During's claims of successful .mmunoglobuhn 
expression in plants is far below what was needed to overcome the prejudice m the art 
and reasonably convince one of ordinary skill that plants could be used to process and 
assemble an immunoglobulin with antigen binding specificity. In fact, Dunng's antibody 
expression results are so contrary and uncontrolled that they would not have been 
convincing even if there were no prejudice in the art. 

II The strategy for Hght chain and heavy chain expression adopted by During is 
Cerent from Undisclosed by the patent applicafon in quesfon. 

9 The During dissertation describes an attempt to co-express the 
heavy and Hght chams of an IgM antibody known at B 1 -8 in plants. His strategy was to 

^^Z^n Biol.. .97:abstract No. 4333, .988, APPENDIX .3 (t.tled "Is there a 

BiP-like protein in the endoplasmic reticulum of plant cells? ). 

« sec Cove, pa.c for Nature, volume 242(0245) and article pushed in the Los a.^. T„« 
(San Die^I November 2. .989 (both attached as APPENDIX .4). 



encode a leader sequence in M of ,he codons for the ma,ure annbody chain, For .he 
heavy cha,n leader, he imroduced nucleic acd encod.ng .he barley alpha amylase s.gna. 
sequence directly in from of (5' .0) the DNA encoding .he amino termmal end of .he 
heavy chain." During used me same amylase signal sequence for ,he light chain, h„, .h,s 
„me he included nucleic acid encoding three addi.ional amino acids (Gly-Ser-Me.) 
between the DNA encoding the leader sequence and the DNA encoding Ike ammo 
terminus of the light chain (M). During, therefore, chose .wo distinct strateg.es for 
expressing each immunoglobulin chain. 

,0 The additional amino acids mat would, through During's strategy, 
be encoded a, the y end ofthe BI-8 light chatn leader seouenc were unusual in the 
context of known eutavotic si^a. cleavage site, At .he time of During's diss^tton, „ 
was not clear what effect additional amino acids a, the end of a leader sequence would 
have„nnna,prc<ess,ngof m e.=*ier.S.ud,esby.hepresen.Appl,can,saswe,.aso,hers 

in .he art indicate .ha. by introducing the amino acids Gly-Ser-Me. between the C- 
terminal end of me leader and the ftrs, amino acid of me mature kappa chain, the structure 
ofthe potential cleavage site is altered. 

11 It is now clear from the art that mutations introduced in the vicinity 
of a cleavage site can adversely influence signal processing. This conclusion i. based on 
analys, of many scientific reports, wh,ch address: 1) naturally occurring cleavage sues, 
and 2) the effect of mutation on the function of a cleavage site. 16 During's strategy to 

inc i udc twopolar amino ^(G^^^™^^^^ 
site for the light cham leader hkely obscured substrate recognition by disrupting structural 

determinants required for processing activity. 17 



13 During dissertation, APPENDIX 2, P 18, top of page. 

in.i a 1007 APPENDIX 15 (see abstract). 

14 See Nielsen et al., Protein Engineering, 10.1-6. 1997, APf trsuiA 

" See references in APPENDIX 15-23 (see abstracts). 

See references in APPENDIX 24-38 (see abstracts). 
« Sce Nicl « n cl ft** Eu*neen.* 10,-6, ,997, APPENDIX 15 <*e « DufTauC « 
a, J B,o. Che^ 3: 0224-10228, .988, APPENDIX 39 (see abstract). 



12. In addition, 1 conclude that Dunng's strategy for mating the light 
cha,n leader to the mature Hght chain sequence cleavage site was likely subject to 
Ceavage site ambiguity. Th.s is reflected in statistical and neural network predictions 
of probable cleavage sites. For example, in all instances where Gly-Ser-Met is 
theoretically introduced distal to a cleavage site, an incorrect or absent cleavage site , 
predicted 20 Whereas these computations are useful tools, they do not guarantee 
experimental success 21 As will be detailed further in my declaration, not surprisingly, 
the leader sequence strategy used by During did not demonstrate a clear experimental 
success In view of the clear deficiencies of During'* work, his claims of successful 
expression would not have been reasonably believed by the ordinary skilled artisan. 

HI During'* experimental evidence allegedly supporting heavy and light chain 
processing and assembly of an antigen-specific immunoglobuhn ,s 
inconsistent and lacks in critical controls. 

13. The During dissertation describes that plant cells were initially 
transfected with DMA encoding the antibody light chain but not the heavy chain. 
Incredibly, During was unable to detect light chain in the cells 22 The failure to detect 
expression of light chains would, in my opinion, have been disturbing to the ordinary 
skilled artisan because it was known that light chains can be readily expressed w,thout 
heavy chains in B cells. In addition, a very low level of light chain expression would 
make it that much more difficult to detect heavy-light chain assembly. Furthermore, an 
increased relative heavy chain expression, which under the circumstances might be 
necessary to achieve assembly in view of the low levels of expressed light chain, 
conceivably could result in toxicity if plant cells turned out to be susceptible to heavy 

is See von Heijne et al., APPENDIX 23 (see abstract). 
19 See Nielsen et al., APPENDIX 15 (see abstract). 

predictor). 

21 See Von Heijne et al., APPENDIX 23 (see abstract). 
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chain toxicity as is the case for B cells." Thus, During'. faUure to detect light cha,n 
expression in cel.s transformed to express only the hght chain would have raised senous 
complicating issues requiring a more thorough investigation. 

14. In spite of the failure to detect light chain expressed by itself, 
During proceeded to clone the heavy chain with the light chain into a dual cassette 
expression vector and attempted to express both chains in plant cells. Page 86-95 of the 
During dissertation contains the results and discussion related to detection of antibody 
expression which employed Western blotting and tissue printing (see section 3.14, pages 
86 to 90) as well as ultrastructural analysis of transfected plant tissue (see section 3.16, 
pages 92-95). As indicated by the statement below, During understood that his 
expression system was suboptimal, and that if assembled antibody were produced, the 
amount would be very low relative to the total protein. 24 

Due to the expected level of low percentage of sought 
protein in the total protein, sensitive detection methods had 
to be developed. For this purpose , a non-radioactwe 
detection system, which is compatible with the system for 
DNA hybridization described in 2.7.5 and 3.3, was worked 
out for detection of proteins on nitrocellulose and 

Immobilon filters. . . . 

A method therefore had to be developed that 

permits the sought protein to be enriched from the crude 

extract before Western blot or preferably to be isolated and 

concentrated to detectable concentration. 



The 



acknowledged deficiencies of During's expression system ultimately forced him to 
develop a pre-enrichment scheme in order to apply Western blotting. Such scheme would 
have raised concern with the ordinary skilled artisan as to the overall credibility of 
During's findings because direct Western blotting was known to be extremely sensitive 
and had previously been used for demonstrating foreign host expression. Indeed, m 
contrast to During's inability to use direct Western blotting, assembled antibody 
generated in tobacco plants using Applicant's system as described in the above-captioned 



23 Kci- Boyle ft al APPFN'TMX ^ 

» During dissertation, APPENDIX 2, p.86, 2- to last paragraph and 4* paragraph of p. 87. 



patent apphca.ion were readtly detect by dtrec, Western blotnng (see Figure 5 of the 
above-captioned paten, applicant). Daring's efforts .0 increase sensitivtty creates a 
greater potential for artifac.ual results, requiring additional experimental controls. As 
„;„ be evident below. During's expenmental approach wholly fails to provtde the 
additional controls. 

15. To enrich for antibody in the plant extract prior to Western 
blotting, During exposed large volumes of plant extract to several rounds of affinity 
purification with CNBr activated Sepharose 4b to which ,s attached Lsl36 anttbody 
(monoclonalantibodyallegedlyspecificformelightchai^orNPhapten. Bound 

antibody (if present) was eluted, according to During, with 0.1 M glycine, pH 2.3 
presumablyfor,heLsl3«-sepharoseorNlP-capfortheNl.-Sepharose. Dunng's 

Western blotUng results are shown in Figure 11/232 and discussed on page 89-90. Dunng 
indicates that direct Western detection was unsatisfactory and that he could detect „„.y 
"processed light chain" in the callus material through the pre-purifed extracts. 
During's statement appears to indicate that heavy chain detection was attempted, bu, was 
unsuccessful. I base this observation on the fact that During planned to detect heavy 
chain with an anti , antibody by Western blotttng* and b«ause there were no results 
featured showing heavy chain detection. Thus, During fails to detect either the hgh, or 
heavy chain in direct Western hloning bu, allegedly de.« B a "processed" light chant bu, 
no, a heavy chain in <he indirect (pre-processed) Western blot, To conclude as he does 
ftou, the Western results tha, assembled BI-8 antibody was preset, in the plan, extract, 
Dunng must tnfer that which he is attempting to prove, that fully assembled anttbody 
must have been present in the extract for Ugh. chain to have been enriched fo.lowtng 
binding to the NP hapten immunoabsorben. .» As will be seen below, this faulty circular 



^D,mnsd,sser=>.,.„. APPENDIX 2. P- 8'. «b W h <>™°* "' "** " "' ' 
•' Dunns dissertation, APPENDIX 2. p.47, lines 7- 10. 
" Daring dissertation APPENDIX 2, p89. lines 3-1 
» During dissertation APPENDIX 2, p.86, lines 1213. 



reasoning is open to alternative explanations which directly conflict with Dunng's 
conclusion. 

16. During's assertion of successful heavy-light assembly severely 
lacks the type of proof that normally would normally be required under the circumstances 
to draw such conclusion. Even accepting for the sake of argument During's detection of a 
"processed light chain" by indirect Western blotting, assembly still requires a heavy chain 
and During has no direct proof from either the direct or indirect Western that heavy chain 
was expressed. In fact, any of a number of artifacts may be the cause of During's 
Western results. For example, assuming for the sake of argument that a light chain was 
expressed by the plants, the NP hapten immunoabsorbents might have bound light chain 
even without heavy chain expression during the "enrichment" procedure. This is a real 
possibility because light chains alone have been known to exhibit a low but real affinity 
for antigen, particularly in circumstances such as the present case when the antigen is 
immobilized. Alternatively, light chains could have been purified by the 
immunoadsorbents if an endogenous plant protein existed which coincidental^ had 
features in common with the heavy chain of the Bl-8 antibody. Although I have no 
evidence that either of these scenarios were at play, they should (and could) have been 
eliminated by employing any of a number of possible controls. For example, During 
could have directly demonstrated that heavy chain was absolutely required for light chain 
binding during the pre-enrichment step. Alternatively, or in addition, During could have 
used biosynthetic radiolabeling of plant cells in combination with Western blotting to 
prove that a heavy chain was in fact co-enriched with light chain. This method is well 
known in the art and was previously used to demonstrate foreign protein expression. 30 
Biosynthetic radiolabeling also helps to control for stnpping of antibody during a low pH 
elution of an antibody immunoabsorbent column (i.e., the Lsl 36 adsorbent), a problem 



29 During dissertation APPENDIX 2, p.89, hnes 14-17 ("By indirect detection 
of isolation of the functional antibody with hapten [and] detection of the light chain 
conta.ned [therejin it could be demonstrated that plants are capable of synthesis of active 
monoclonal antibody whose individual chains are fused with a plant s.gnal peptide ). 

* See e.g., Rothsicin et al., Nature 3l*:662-6&5, 1984, APPENDIX 40, hg. 2 (expression of 
wheat a-amylase in yeast cells labeled with 35 S-methionine). 




encountered with CNBr M Since During employed low pH elution and CNBr linkage, he 
should have provided controls to address this potential problem. 32 

1 7. During also evaluated antibody expression using "tissue printing" 
in which a leaf is pressed against a membrane in order to bind various proteins in the leaf 
to the membrane and the membrane is probed by the various immunological reagents 
used in Western blotting. 33 No extract is made in this case and no enrichment is used. In 
these experiments, During allegedly detected light chain, heavy chain and "aggregated 
Bl-8 " (the latter conclusion presumably is a result of Ac38 antibody binding to the tissue 
print). It is disturbing that During never even attempted to explain why heavy chain was 
detected in these experiments but not in the Western blots. In any event, even if he could 
explain this discrepancy in a scientifically acceptable manner, the tissue printing 
experiment inexplicably lacks the type of controls that are normally required to support 
the conclusions that During attempts to draw. The controls needed for tissue printing are 
the same types of controls typically employed in antibody binding assays such as ELISA 
or immunohistochemistry. As is always the case for antibody reagents (polyclonal or 
monoclonal), one must use antigen inhibition to validate the specificity of binding in each 
assay format (i.e. that binding is "antigen-specific"). For example, Gubler et al. 
demonstrated a-amylase secretion by plant cells by inhibiting tissue staining with 
antigen. 34 Similarly, Wood et al. used antigen inhibition to demonstrate Bl-8 antibody 
assembly in yeast (the same antibody used by During). 35 In fact, Wood demonstrated that 
the NIP form of antigen inhibited better than the HP form of hapten, a well known 
signature of the Bl-8 antibody. 36 The During dissertation evidences that During was 



31 See Lihme et al., J. Chromatography, 376:299-305, 1986, APPENDIX 41, table 1. 

32 Lsl36 antibody which may have leached into the "enriched" leaf extracts may be detected by 
cross reaction with the secondary reagents in the western blot. 

33 During dissertation, APPENDIX 2, paragraph bridging p.88 and 89. 

34 See Gubler et al, Planta, 168:447-452, 1986, APPENDIX 42, pl448, right hand column 
(Specificity of antibody staining evaluated by using antibody previously absorbed with a 50 fold excess of 
antigen). 

35 Wood et al . APPENDIX 10, p448. right hand column, middle of pa&e. 

36 Wood et al ., APPENDIX 10, p448, right hand column, middle of page. 




aware of the Wood et al. reference 37 and the heteroclitic nature of the Bl-8 antibody, 
but for reasons unknown to me, During failed to conduct any antigen inhibition controls. 
Sossountzov et al. studying immunogold localization of abscisic acid in plant tissues of 
chenopodium polyspermum I, likewise used an antigen inhibition control which the 
authors recognized as vital (my emphasis added to the following quote). 39 

Preabsorbed ABA antibodies, which constitute an 
essential control for determining the specificity of the 
immunolabelling , produced less than one gold particle per 
|im 2 over cytoplasm, nucleic and plastids. 

Although During diluted his antibody reagents with wildtype plant extract and still 
observed binding, this control is not sufficient to exclude other artifacts. For example, 
binding directed to insoluble antigens not present in the extract would not be inhibited in 
the presence of the extract. 

18. The During dissertation includes immunogold electron 
microscopic analysis of the plant cells containing the dual heavy and light chain vector 
apparently using the same antibody reagents used in the Western blotting and tissue 
printing experiments. The dissertation describes that the Ac38 antibody (allegedly 
specific for a properly assembled Bl-8 antibody) reacted with endoplasmic reticulum 
(ER) and chloroplasts in cells from induced plant stems. 40 Also described is that the 
Lsl36 antibody (allegedly specific for light chains), reacted with cytoplasm, but not with 
FR or chloroplasts. 41 Further described is the observation that none of the antibody 
reagents labeled in the vicinity of the plant cell wall or the intercellular space, and that no 
reaction with the golgi apparatus or vesicles were seen. 42 During concludes without 
explanation that these experiments indicate "synthesis and assembling of a monoclonal 

37 During dissertation, APPENDIX 2, p. 17, first full paragraph. 

38 During dissertation, APPENDIX 2, p.86, lines 21-23. 

39 Sossountzov et al, Planta, 168:471-481, 1986, APPENDIX 43 (p. 480, left hand column). 

40 During dissertation, APPENDIX 2, p. 94, first full paragraph ("Each chloroplast contains about 
23-30 gold particles, often localized on thylakoid membranes"). 

41 During ttiwrniMon, APPPNTHX 2 y p 04, line* 7-10 

42 During dissertation, APPENDIX 2, p.94, lines 10-12. 




Bl-8 antibody . . . occur [sic] in the plant cells on the rough ER . . . 44 If During's 
conclusion about successful Bl-8 assembly in plant cells was correct, the Ac38 
immunoreactivity would mean that assembled antibody, i.e., both a light chain and a 
heavy chain, were present in the ER and chloroplasts. Such conclusion, however, is 
inconsistent with During's own failure to observe light chain immunogold labeling of ER 
or chloroplasts. Furthermore, the chloroplastic reactivity by the Ac38 antibody is 
perplexing and During provides no explanation for why allegedly assembled antibody 
would be concentrated in such an organelle 44 I note that only weak immunogold labeling 
of chloroplastss was observed in During's plant cells expressing T4 lysozyme. 45 

19. During's alleged success also is in conflict with the failure to 
detect by immunogold labeling, the Ac38 antibody or light chain reactive antibodies 
binding in the vicinity of the plant cell wall, the intercellular space, the golgi apparatus or 
vesicles. 46 In particular, the presence of processed and assembled immunoglobulin in B 
cells, or for that matter, protein expressed naturally by plants, was known to involve the 
golgi and/or vesicles. For example, ultrastructural analysis of immunoglobulin producing 
B cell lines by Newell et al., showed light chains in the golgi and assembled 
immunoglobulin in the ER, perinuclear space and/or golgi apparatus 47 Others have 
reported that heavy and light chains are synthesized on separate membrane bound 
ribosymes and sequestered in the cisterne of the ER from which they are transported into 
the smooth membranes of the golgi apparatus. 48 Furthermore, ER and golgi staining was 
also previously observed for a-amylase in gibberelhn-treated barley cells. 49 In contrast, 
During observed no golgi immunoreactivity using his light chain, heavy chain or Ac38 

43 During dissertation, APPENDIX 2, p.94, last paragraph. 

44 Chloroplastic targeting was known to require a special amino terminal transport peptide, 
something which to my knowledge has not been demonstrated in antibodies. Chloroplastic 
immunoreactivity was observed for abscisic acid but this is not a protein (see Sossountzov et al, 
APPENDIX 43). 

45 During dissertation, APPENDIX 2, p.97, line 1. 

46 During dissertation, APPENDIX 2, p.94, lines 10-12. 

47 Newell et aL, British J. Haematology, 50:45-459, 1982, APPENDIX 44 (see abstract). 

48 Newell et aL APPENDIX 44 (see p.446). 

49 Gubler et al., APPENDIX 42, Fig. 2. 




antibody reagents, cells were even capable of antibody assembly. Unusual results might 
be acceptable if plant cells were even capable of antibody assembly in unique and 
previously unknown ways, however, unusual results cannot make up for the lack of 
controls in other experiments. 

20. The reliance During places on the Ac38 antibody to support his 
conclusions from the immunogold labeling is misplaced. The Ac38 antibody reacts with 
the Ac38 idiotype, an antigenic determinant expressed on cell surface immunoglobulin in 
the B cell population of C57BL/6 mice at very high frequency (around 1/1,000). 50 It was 
known, however, in the early 1980s that the majority of Ac38 idiotype bearing antibodies 
induced in C57BL/6 mice (by immunizing with Ac38 antibody) do not have NP binding 
specificity. 51 This means that Ac38 antibody binding cannot be used to claim that NP 
antigen binding specificity is present, even if Ac38 binding were proven to be Ac38 
idiotype specific by inhibiting binding with the specific antigen. Thus, even if During 
had done the proper antigen inhibition controls, he still could not use Ac38 antibody 
binding to infer that Bl-8 light chain and heavy chain were properly processed and 
assembled resulting in NP antigen specificity. In any event, this issue is moot because 
During did not even perform the proper controls. 

2 1 . The During dissertation concludes that the ultrastructural 
immunogold results support the Western blotting results which together demonstrate 
synthesis and assembly of a monoclonal antibody in plants. 52 Again, no reasoning to 
support this conclusion is provided and in my opinion, it is wholly unwarranted in view 
of the experimental difficulties such as the failure to detect the Bl-8 heavy chain, and the 
lack of proper controls. 

IV. Conclusion 



50 Dildrop ct aL, EMBO, 3:517-523, 1984, APPENDIX 45, p.517, right hand column. 

51 Dildrop et al., APPENDIX 45, p517, right hand column ("The resulting Ac38-positive 
hyhridomas are thus in the majority uweactive with the NP hapten."). 

52 During dissertation, APPENDIX 2, p.94, last paragraph. 



22. My analysis of the immunology and protein expression art, circa 
1988/1989, convinces me that a person skilled in such art would not have reasonably 
believed that plant cells could be used to express a properly processed and assembled 
antibody molecule. My view is not altered by the limited reports of antibody assembly in 
single cell microorganisms because such organisms would not have been considered 
predictive in this context for a plant cell. The art, therefore, supports a prejudice against 
the possibility of using plant cells to process and assemble a functional antigen-specific 
immunoglobulin molecule. The During dissertation does not overcome this prejudice 
because of serious unexplained inconsistencies and the absence of critical controls. In 
fact, During's work is so deficient that I would make the same conclusion even if there 
were no prejudice to overcome. Much more was needed to exclude arti factual results, 
which are more likely to be present when one is working at the limits of detectability. 
Even in its best light, giving the During dissertation the full benefit of the doubt, I am 
convinced that the skilled artisan would not have believed During's claims of 
immunoglobulin assembly in plant cells. Although During was awarded a Ph.D. degree 
for his dissertation, I do not know what weight his dissertation committee gave to his 
antibody expression experiments versus his T4 lysozyme expression experiments. I am 
aware that During eventually published his antibody plant work in a peer-reviewed 
journal (i.e., Plant Molecular Biology) after the inventors of the above-captioned 
application first published their work. 53 In fact, During's publication in Plant Molecular 
Biology discusses the earlier publication by the inventors, Hiatt and Hein as a successful 
demonstration of antibody expression in plants. 54 In my opinion, During's antibody 
experiments would not have been published were they not supported by the earlier 
published success of inventors, Hiatt and Hein. Had During attempted to publish his 
work in a peer reviewed journal before Hiatt and Hein published their work, my extensive 
experience as a reviewer/editor of scientific journals leads me to conclude During's work 
would most likely have been rejected as inconclusive. 



53 Dunns ct al. Plant Mol Biol 15:281-293, 1990, APPENDIX 46. 

54 During et al., APPENDIX 46, p.291, right column. 



23. I am convinced that the ability to process, assemble, and secrete 
antigen specific immunoglobulin in plants was not achieved prior to the disclosure by 
Hiatt et al., (see, e.g., article in Nature 55 and in U.S. Patent No. 5,202,422). The 
inventors used a different strategy from During and achieved a significant level of 
expression, allowing detection of the assembled chains by direct Western blotting. Hiatt 
et al., not During, was the first to convincingly demonstrate the ability of plants to 
support production of an antigen-specific immunoglobulin in a manner that overcomes 
the prejudice in the art. 

24. It is also my opinion that the During dissertation is silent about the 
ability of plants to produce single polypeptide forms of an immunoglobulin. Such single 
polypeptide immunoglobulins generally comprise at least the antigen-binding portion of a 
heavy chain and the antigen binding portion of a light chain. A commonly known form 
of single polypeptide immunoglobulin is the single chain Fv (sFv) fragment, which 
comprises a heavy chain variable region, a light chain variable region, and a short peptide 
which links the two regions together. I could find nothing in the During dissertation that 
addresses expression of a single polypeptide form of immunoglobulin such as an sFv 
fragment. The deficiencies of the During dissertation which has been extensively 
discussed with respect to a dual chain immunoglobulin apply equally well if not better 
with a single polypeptide immunoglobulin; The heavy chain variable region in the case of 
the single polypeptide must still assemble with the light chain variable region portion in 
order to achieve an antigen specific immunoglobulin. Again it was the inventors of the 
above-captioned patent application, not During, who were the first describe assembly of a 
an antigen-specific sFv in plant cells. 

25. The During dissertation also fails to teach how to successfully use 
plant cells to express a heavy chain or light chain polypeptide, but not both, in plant 
cells. As already discussed, During attempted light chain expression without the heavy 
chain (but not vice versa) but failed to detect light chains in the plant cells. During did 
not even attempt to express heavy chains by themselves in plant cells. In contrast, the 
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inventors of the above-captioned patent application, were the first describe that plant cells 
can express the light chain or the heavy chain separately in a plant cell. In my opinion, 
the ability of plants to express each individual chain (light or heavy) was unexpected, 
particularly in the case of the heavy chain which was known at least in mature B cells to 
cause toxicity when expressed without a light chain. 

26. I am aware that the Applicants, which I understand to be Andrew 
Hiatt and Mitch Hein, are inventors of several other pending patent applications in which 
the claims have been rejected over the During dissertation. I give permission to 
Applicants and their attorneys to file this declaration in support of any such other 
applications. In doing so, Applicants and their attorneys may replace the first page of the 
declaration with a substitute page that is otherwise the same except for the case caption 
information. 

I hereby declare that all statements made herein of my own knowledge are 
true and that all statements made on information or belief are believed to be true; and 
further that these statements are made with the knowledge that willful false statements 
and the like so made are punishable by fine or imprisonment, or both, under Section 1001 



of Title 18 of the United States Code, and that such willful false statements may 
jeopardize the validity of the captioned patent anplicalion or any patent issued therefrom. 
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The Scripps Research Institute 
10550 North Torrey Pines Rd. 
La Jolla, CA 92037 



Exhibit 1 




Richard A. Lerner, M.D. 

Dr. Richard A. Lerner's 30-year scientific career is particularly significant not only for 
the broad scope of his achievements in several diverse areas of biomedical research, but 
for his leadership and vision in concurrently directing the totality of scientific activities 
at The Scripps Research Institute, the country's largest private, non-profit biomedical 
research organization. His work spans a wide range of seemingly disparate discoveries, 
from unique insights into protein and peptide structure to the recent identification of a 
sleep-inducing lipid. He has been widely recognized by numerous prestigious societies 
and organizations in the U.S. and abroad. 

One of his most recent accomplishments, and that for which he is perhaps most well 
known, is the groundbreaking work of converting antibodies into enzymes, permitting 
the catalysis of chemical reactions considered impossible to achieve by classical 
chemical procedures. While it has taken enzymes acting on natural biological systems 
millions of years of evolution to reach their present level of efficiency, antibodies can be 
produced overnight, for obtaining an almost limitless variety of products beyond 
natural ones -- with an efficiency that may exceed that of natural enzymes. 

Dr. Lerner's prolific scientific output is accomplished with his simultaneous 
appointment as President of The Scripps Research Institute. His visionary leadership 
has kept the Institute at the frontier of science in several explicit and highly focused 
areas, giving the organization particular strength at the border between chemistry and 
biology. Emphasizing interdisciplinary collaboration that would be unlikely if not 
impossible at many major U.S. universities, Dr. Lerner embraces the notion of providing 
the faculty with a significant degree of freedom and the full range of technical resources 
to remain at the cutting edge. And recognizing the trend of shrinking Federal resources 
for science as far back as the early 1980s, Dr. Lerner has encouraged the formation of 
large-scale industrial collaboration agreements with major pharmaceutical industries, 
which have given the Institute the opportunity to recruit, build, expand, and remain 
state-of-the-art in facilities and instrumentation. 

Dr. Lerner graduated from Northwestern University and Stanford Medical School. He 
interned at Palo Alto Stanford Hospital, and received postdoctoral training at Scripps 
Clinic and Research Foundation in experimental pathology. Since 1970 he has held staff 
appointments at Wistar Institute in Philadelphia and at the Research Institute of Scripps 
Clinic (renamed The Scripps Research Institute) in La Jolla. He served as Chairman of 
the Department of Molecular Biology of the Institute from 1982-1986 prior to assuming 
the presidency of the organization. 

Dr. Lerner has received numerous prizes and awards, including the Parke Davis Award 
in 1978, John A. Muntz Memorial Prize in 1990, San Marino Prize in 1990, The 
Burroughs Wellcome Fund and the FASEB, Wellcome Visiting Professor Award in 1990, 
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The College De France Lectureship in 1991, Arthur C. Cope Scholar Award in 1991 The 
Tenth Annual Jeanette Piperno Memorial Award in 1991, Sixteenth Annual 
CIBA-GEIGY Drew Award in Biomedical Research in 1992, Humboldt Research Award 
in 1994, and the Wolf Prize in Chemistry in 1994-1995, the California Scientist of the 
Year Award in 1996, and the Coley Award for Distinguished Research in Basic and 
Tumor Immunology in 1999 . 

In addition to Charter Membership in the American Society for Virology, Dr. Lerner 
holds memberships in the American Society for Experimental Pathology,' American 
Society of Microbiology, New York Academy of Sciences, Biophysical Society, and the 
Pluto Society. He is on the editorial boards for the Journal of Virology, Molecular 
Biology and Medicine, Vaccine, In Vivo, Peptide Research, Bioorganic and Medicinal 
Chemistry Letters, Drug Targeting and Delivery, Senior Contributing Editor to PNAS 
and Chemistry and Biology, Bioorganic and Medicinal Chemistry, Molecular Medicine 
Catalysis Technology and Angewandte Chemie. 

Dr. Lerner was elected Foreign Member of the Royal Swedish Academy of Sciences in 
1985; Member, National Academy of Science USA in 1991; Member, Scientific Policy 
Advisory Committee, Uppsala University, Uppsala, Sweden in 1991; Member, Scientific 
Advisory Board, Economic Development Board, Singapore in 1991; Trustee The 
Neurosciences Research Foundation, Inc. in 1992; Member, Advisory Board' Chemical 
& Engineering News in 1994; Member, ETH Institute of Biotechnology Advisory Board, 
Zurich, in 1994; Member, Stanford Linear Accelerator Center Scientific Policy 
Committee, Stanford, CA., 1995-1998; Member, Center for Nanoscale Science and 
Technology Scientific Advisory Board in 1996; Member, College of Chemistry Advisory 
Board, University of California, Berkeley, 1996-1997; Member, California Council on 
Science and Technology Board of Directors, 1996-1997; Member, Advisory Steering 
Group for Chemistry, California State University, 1996; and Member, Academic 
Committee of the Board of Governors of Technion Israel Institute of Technology, 1998. 
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CURRICULUM VITAE 
Richard Alan Lerner, M.D. 



Date of Birth: August 26, 1938 

Place of Birth: Chicago, Illinois 

Nationality: American 

Marital Status; Married 

Home Address: 7750 E. Roseland Drive 

La Jolla, CA 92037 
Business Address: The Scripps Research Institute 

10550 N. Torrey Pines Road 

La Jolla, CA 92037 
Business Telephone: (858) 784-8265 

Education: Northwestern University, 1956-1959 

Stanford University Medical School, B.S., M.D. 1959-1964 
Internship, Palo Alto Stanford Hospital, 1964-1965 

Professional Positions 

1965 Research Fellow, Department of Experimental Pathology, Scripps Clinic and 

Research Foundation, La Jolla, California 
1968 Associate, Wistar Institute, Philadelphia, Pennsylvania 

1970 Associate, Department of Experimental Pathology, Scripps Clinic and Research 

Foundation, La Jolla, California 
1972 Associate Member, Department of Experimental Pathology, Scripps Clinic and 

Research Foundation, La Jolla, California 
1974 Member, Department of Immunopathology, Scripps Clinic and Research 

Foundation, La Jolla, California 
1977 Member, Department of Cellular and Developmental Immunology, research 

Institute of Scripps Clinic, La Jolla, California 
1980 Head, Committee for the Study of Molecular Genetics and Member, Department 

of Immunopathology, Research Institute of Scripps Clinic, La Jolla, California 
1982 Member, Department of Molecular Biology, Research Institute of Scripps Clinic, 

La Jolla, California 

1982 Chairman, Department of Molecular Biology, Research Institute of Scripps Clinic, 

La Jolla, California 

1988 Professor, Department of Chemistry, Research Institute of Scripps Clinic, La 

Jolla, California 

1987 Director, Research Institute of Scripps Clinic, La Jolla, California 

1991 President, The Scripps Research Institute, La Jolla, California 

1996 Member, Skaggs Institute for Chemical Biology, The Scripps Research Institute, 

La Jolla, California 
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SOCIETIES AND BOARDS 

Member Phi Eta Sigma 

Member Alpha Omega Alpha 

Member American Society of Nephrology 

Member American Association of Immunologists 

Member American Society for Experimental Pathology 

Member American Society of Microbiology 

Member New York Academy of Sciences 

Member Biophysical Society 

Chairman, International Symposium on the Molecular Basis of Cell-Cell Interaction (1977) 
Consultant, Special Virus Cancer Program, National Cancer Institute 
Ad hoc Member of Molecular Biology Study Section 
Member Pluto Society 

Fellowship Screening Committee of the California Division, ACS 
Charter Member, American Society for Virology 

Member Institute of Medicine Ad hoc Committee of New Research Opportunities in 
Immunology, National Academy of Sciences 

Member Organizing Committee for "Modern Approaches to Vaccines 1 ', Cold Spring Harbor 
(1983) 

Member Cancer Preclinical Program Project Review Committee, National Cancer Institute 
Member Scientific Policy Advisory Committee, Uppsala University, Uppsala Sweden (1991) 
Member Scientific Advisory Board Economic Development Board, Singapore (1991) 
Member National Academy of Science, USA (1991) 
Trustee, The Neurosciences Research Foundation, Inc, (1992) 

Member Advisory Board Chemical and Engineering News, Washington, DC (1994-1996) 
Member ETH Institute of Biotechnology Advisory Board, Zurich Switzerland (1994) 
Member Stanford Linear Accelerator Center Scientific Policy Committee, Stanford, CA (1995- 
1998) 

Member Center for Nanoscale Science and Technology Scientific Advisory Board, Houston, 
Texas (1996) 

Member College of Chemistry Advisory Board, University of California, Berkeley, Berkeley, CA 
(1996) 

Member California Council on Science and Technology Board of Directors, Newport Beach, CA 
(1996-1997) 

Member, Advisor Steering Group for Chemistry, California State University, Los Angeles, Los 
Angeles, CA (1996) 

Member, Editorial Advisory Board for the American Peptide Society Journal, Tucson, Arizona 
(1997) 

Member, Academic Committee of the Board of Governors of Technion-Israel Institute of 
Technology, Haifa, Israel (1998) 

Member, Editorial Advisory Board for Accounts of Chemical Research Journal, Los Angeles, 
CA (1998-2001) 

Member, International Board of Governors, The Peres Center for Peace, Tel Aviv, Israel (1998) 
Chairman, Governor's Counsil on Bioscience, Governor Gray Davis, Sacramento, CA (1999) 
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Member, The U.S. Department of Energy Biological and Environmental Research Advisory 
Committee, Washington, DC (1999). 

Member, American Academy of Arts and Sciences, Cambridge, MA (2000) 
HONORS and PRIZES 



1970 NIH AID Career Development Award 

1978 Parke Davis Award 

1985 Elected Foreign Member, The Royal Swedish Academy of Sciences 

1986 Recipient of Lita Annenberg Hazen Professor of Immunochemistry 
1986 Decorated as oficial de La Orden de San Carlos by the President of 

Colombia 

1989 Cecil H. and Ida M. Green Chair in Chemistry 

1990 Honorary Doctorate of Medicine, Karolinska Institute 

1990 John A. Muntz Memorial Prize, Albany Medical College, New York 

1990 San Marino Prize, Republic of San Marino 

1990 The Burroughs Wellcome Fund and the FASEB Wellcome Visiting Professor 
Award in Basic Medical Science 

1991 The College De France Lectureship, College De France, Paris 

1991 Arthur C. Cope Scholar Award in Chemistry, Washington, D.C. 

1992 CIBA-Geigy Drew Prize in Chemical Science, Drew University, Madison, New 
Jersey 

1993 Hyp J. Dauben Award in Chemistry, University of Washington, Seattle, 
Washington 

1994 Humboldt Research Award, Bonn Germany 
1 994/95 The Wolf Prize in Chemistry 

1996 California Scientist of the Year Award 

1999 William B Coley Award for Distinguished Research in Basic and Tumor 

Immunology, Cancer Research Institute, New York, NY 
1999 Windaus-Medal/Award, Georg-August-Universitat Gottingen, Gottingen 

Germany 

LECTURESHIPS 

1984 Casper Wistar Lecture, The Wistar Institute, Pennsylvania. 

1986 Fourteenth Peter Anthony Leermakers Symposium, Wesleyan University, 

Connecticut. 

1988 The Thirteenth Annual B.R. Baker Memorial Lecture University of California, 

Santa Barbara, California. 
1988 Allied Corporation Lecture, Rutgers University, New Jersey. 

1988 10th Annual Jim Mc Ginnis Memorial Lecture, Duke University, North Carolina. 

1988 Selected to give the address on the occasion of Michael Heidelberger's 100th 



Birthday, New York University, N.Y. 
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1988 Clark Lecture, San Jose State University, California. 

1988 Dow Chemical Matrix Lecture, Midland, Michigan. 

1988 Abbott Lecture, Brandeis University, Waltham, Massachusetts. 

1989 Rennebohm Lecture, University of Wisconsin, Wisconsin. 
1989 Mobay Lecture, University of Pittsburgh, Pittsburgh, PA. 

1989 Spink Lecture, University of Minnesota, Minnesota. 

1990 Smith Kline Lecture, Yale University, Connecticut, 

1990 The John A. Muntz Lecture, Albany Medical College, Albany, N.Y. 

1990 The First Josef Fried Symposium, University of Chicago, Illinois. 

1991 Wallace P. Rowe Symposium, National Institute of Health, Bethesda, Maryland. 
1991 The Mabel Beckman Lectures in Technologies, Stanford University, Stanford, 

California. 

1991 Bruce Merrifield's 70th Birthday Symposium, Rockefeller University, New York, 

NY. 

1991 Lilly Symposium, New York, NY. 

1991 Peter Reichard Symposium, Stockholm Sweden. 

1991 John G. Reinhold Lecture, University of Pennsylvania, Pennsylvania. 

1991 The Tenth Annual Jeanette Piperno Memorial Award, Temple University, 
Philadelphia, Pennsylvania. 

1992 Schering Lectures, Schering, Berlin, West Germany. 

1992 Biomega Lectures in Organic Chemistry, McGill University, Montreal, Quebec, 

Canada. 

1992 Seventh Annual William S. Johnson Symposium in Organic Chemistry, Stanford 

University, Stanford California. 

1992 Sixteenth Annual CIBA-GEIGY Drew Award in Biomedical 
Research, Drew University, Madison, New Jersey. 

1993 The John Howard Appleton Lecture in Chemistry, Brown University, Providence, 
Rhode Island. 

1 993 August- Wilhelm-von-Hofmann-Lecture, Gesellschaft Deutscher Chemiker, 
Germany. 

1994 Lemieux Lecture, University of Alberta, Edmonton, Canada, 

1995 Bender Lectureship in Chemistry, Northwestern University, Evanston, Illinois. 

1995 Alfred Burger Lecturer in Chemistry, University of Virginia, Charlottesville, 
Virginia. 

1996 Ephraim Katzir's 80th Birthday Symposium, The Israel Academy of Sciences and 
Humanities, Jerusalem, Israel 

1996 Falk-Plaut Lecture, Columbia University, New York, NY. 

1996 Debye Lectures, Cornell University, New York, NY. 

1996 Harvey Lecture, The Rockefeller University, New York, NY. 

1996 Honors Program Lecture, New York University School of Medicine, New York, 
NY. 

1997 The Twelfth Biennial Carl S. Marvel Symposium, University of Arizona, Tucson, 
AZ. 

1997 John and Dolores Stille Science Symposium, Colorado State University, Fort 

Collins, Colorado. 
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Editorial Boards : 

Journal of Virology 

Molecular Biology and Medicine 

Vaccine 

Journal of Peptide Research 

Bioorganic and Medicinal Chemistry Letters 

Drug Targeting and Delivery 

Chemistry and Biology 

Bioorganic and Medicinal Chemistry 

Molecular Medicine 

Catalysis Technology 

Angewandte Chemie 
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I. Introduction 

The development of genetic engineering methods has resulted in recent years in attempts 
to introduce new resistances to plants. Cultivation of resistant varieties previously was only 
possible in the conventional manner by crossing. In so doing, the fact that undesired properties 
could also be introduced always had to be tolerated. Another drawback is thajwork often lasting 
several decades with this cultivation requirement. In this period the requiremeht.profiles can 
change so strongly that the entire project becomes untenable. 

It has become possible in recent years through developed gene transfer methods to 
deliberately incorporate individual genes in plants for characteristic properties. In so doing, one 
or more properties of a variety can be predictably altered. 

After initial attempts with marker genes, such genes have recently been incorporated 
increasingly in plants by genetic engineering transformation with the intention of usefully 
altering these plants. So-called resistance genes are chiefly at issue here, from which it is 
expected that they will impart resistance to herbicides, pests or diseases. Despite some success, 
there are still many years before such altered seed can become available to agriculture. The 
present study is to make a fundamental contribution to these problems. 

Some important current research activities will be briefly characterized below (Eckes 
et al., 1987). One field being worked on as industrial research is herbicide resistance. Through 
manipulated plants with increased resistance to certain herbicides, their use is supposed to be 
made more economical, and by natural resistance this is only possible to a restricted extent and 
only for selective herbicides. The location of the effect in most modem herbicides is known and 
in many cases a gene has been isolated whose genetic product ensures detoxification of the 
herbicide. This can be achieved by altering the location of action by mutation, an increase in = 
concentration at the site of action by introduction of metabolizing enzymes. The first published 
study concerned the herbicide glyphosate, which inhibits synthesis of aromatic amino acids in- 
plants by inhibiting the enzyme 5-enolpyruvylshikimic acid-3-phosphate synthase (EPSP 
synthase) (Steinrucken and Amrhein, 1980). By cloning the EPSP synthase gene behind the 
constitutionally expressed 35S promoter and introduction of this construct to petunia cells, a 
40-fold increased enzyme activity could be detected in calli, which is considered the cause for 
the now existing glyphosate tolerance (Shah et al., 1986). With a mutated EPSP synthase enzyme 
from Salmonella typhimurium (replacement of one of the total of 421 amino acids (Stalker et al., 
1985)), glyphosate-tolerant tobacco plants were obtained (Comai et al., 1985). DeBlock et al. 
(1987) recently reported on artificial resistance to the herbicide phosphinotricin (PTT), an 
inhibitor of glutamine synthetase (Donn et al., 1984). In this case a resistance gene 
(phosphinotricin acetyltransferase, PAT) was isolated from Streptomyces hygroscopicus 
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(Thompson et al., 1987) and transferred to tobacco, tomatoes and potatoes. Transgenic plants 
that express PAT are resistant by metabolism to high doses of PTT (DeBlock et al., 1987). 

The second important area is viral resistance. Significant successes have recently been 
achieved here. Natural reactions to a viral infection are the formation of pathogenesis-related 
proteins (PR proteins) or, after infection with a weakly pathogenic virus, the fetation of cross 
resistance. In various plants after infection with viruses, viroids, bacteria or fungi, the occurrence 
of specific PR proteins that can be correlated with the formation of resistance to further 
infections was observed (Parent and Asselin, 1984; van Loon, 1985; Carr et al., 1987; van Loon 
et al., 1987). Synthesis of PR proteins is induced by the infection; the concentration increases by 
a factor of 100 (Hooft van Huijsduijnen et al., 1985, 1986). Extracellular localization was 
detected by vacuum infiltration (Parent and Asselin, 1984) and by immunofluorescence (Carr et 
al 1987); the concentrations are highest in the vicinity of mesophyll cells and viral lesions. 
Some PR proteins were recently assigned chitinase or 1,3-p-glucanase activity (Kauffinann et al., 
1987- Legrand et al., 1987, Shinshi et al., 1987; Kombrink et al., 1988). Hybrids that 
constitutively express a PR protein that demonstrates significantly increased resistance to viruses 
were obtained by crossing pathogen-induced tobacco varieties (Ahl and Gianinazzi, 1982). The 
gene sequences of some of these proteins were recently cloned (Hooft van Huijsduijnen, 1986; 
Cornelissen et al, 1987; Shinshi et al., 1987) and a practical evaluation of these resistance 
mechanisms is therefore available, analysis and use of infection-inducible promoters and 
efficiently operating signal peptides being of particular interest. 

Starting from the observation of cross resistance, two groups attempted to express the 
gene for the coat protein of the tobacco mosaic virus (TMV) in tobacco (Bevan et al., 1985; Abel 
et al 1986) A higher percentage of transformed plants that then formed the coat protein actually 
exhibited no symptoms after artificial infection with TMV (Abel et al., 1986), and expression of 
a single gene is obviously sufficient for formation of cross resistance. An attempt made m the 
meantime to prevent spreading of viruses by expression of antisense RNA failed again, since no 
success was found. On the other hand, the integration and expression of cDNA from viral 
satellite RNA which acts antagonistically on the actual virus were successful in tobacco plants 
(Courtice, 1987). Harrison et al. (1987) introduced satellite RNA of the cucumber mosaic vuHs 
(CMV), which is only replicated in CMV-infected cells; production of satellite RNA in 
transgenic plants (Baulcombe et al., 1986) is dependent on infection and largely suppresses the 
formation of disease symptoms, as well as multiplication of CMV. For tomato aspermy virus 
(TAV), a close relative of CMV, only suppression of the symptoms can be found. Similar results 
were obtained by Gerlach et al. (1987) for the tobacco ringspot vims (TobRV). 

The first attempts have since also been made for artificial resistances against pests, for 
example insects. Natural defense mechanisms of plants are probably triggered by fragments of 
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the cell wall (oligosaccharides) (Davis et al., 1986) and these can have an inhibiting effect on 
auxin synthesis (Albersheim, personal communication). A known reaction is the formation of 
protease inhibitors as a reaction to damage to the plants, these being proteins that act as potent 
inhibitors of serine proteases, which are involved in the digestive process of insects (Broadway 
et al., 1986). Genes for such inhibitors were recently isolated (Lee et al., 198J Sanchez-Serrano 
et al., 1986). Different low-molecular substances, for example, phytoalexins ahd.tannins, are also 
formed in addition to protease, which can have a antifeedant effect or act as signal substances 
(Darvill and Albersheim, 1984). Genetic engineering application of these mechanisms appears to 
be difficult in contrast to protease inhibitors because of their complexity. An artificial resistance 
to insects could be produced by transformation of plants with the endotoxin from two different 
Bacillus thuringiensis strains (Fischhoff et al., 1987; Vaeck et al., 1987). Vaeck et al. (1987) 
reduced the endotoxin to an effective protein fragment, and resistance to insect larvae was also 
produced with low-expressing regenerants. Fischhoff et al. (1987) also demonstrated resistances, 
although the endotoxin protein itself could not be directly detected in plants. A similar effect was 
achieved by Hilder et al. (1987) by expression of a trypsin inhibitor from cow bean (Vigna 
unguiculata), a roughly 80 amino acid-long polypeptide in tobacco. 

The least progress has thus far been achieved in the field of genetic engineering treatment 
of plant diseases, primarily fungal infections. Natural "induced" resistances, similar to viral 
infection (Dean and Kuc, 1 985) can lead to the formation of hydroxyproline-rich proteins 
(proteins localized in the cell wall with unknown functions) and other infection-specific proteins 
(Riggleman et al., 1985). cDNA and genomic clones for hydroxyproline-rich proteins have since 
been isolated (Chen and Vamer, 1985a/b). Elicitors and inducible genes have since been 
characterized. Plants synthesize the enzyme chitinase whose activity increases sharply during 
fungal attack (Schlumbaun et al., 1986; Legrand et al., 1987; Shinshi et al, 1987). Two chitinase 
genes (from Serratia marcescens) have been identified and cloned, one of which clones for a 
secreted protein with a 23 amino acid-long signal peptide (Jones et al., 1986). This was 
expressed in tobacco plants under the control of a strong promoter (P. Dunsmuir, personal 
communication). It is assumed that chitinase hydrolyzes the fungal cell walls and in this manner 

can produce resistance. 

The present study attempts to take up new aspects in this field and to solve the 
fundamental problems for additional resistance approaches. In the first place, expression and 
assembling of the light and heavy chains of an antibody and expression of bacteriophage T4 
lysozyme in plants are to be investigated, and in the second place, the question whether it is 
possible to secrete these proteins under the guidance of a plant signal peptide is to be answered. 
Application of monoclonal antibodies is conceivable, for example, to generate artificial 
resistance against viruses (cf. Stieger, 1987). 



11 



A more specific background involves the use of lysozyme: in similar fashion to natural 
lysis, an attempt can be made to achieve artificial lysis of infecting bacteria. This aspect appears 
to be' of particular interest, since thus far there are no plant protection agents against bacteria. In 
order for all these approaches to lead to greater activity with proteins not endogenous to plants, 
the combination with secretion was considered in order to make the attacker harness already 
before reaching the cytoplasm. The possible presence of a signal peptide commonly found in 
plants in foreign proteins, with the correct function, cannot be expected with certainty. By fusion 
with a signal peptide endogenous to the plant, secretion should be made possible. Not only 
secretion, but also controllable expression of gene products are part of the construction of an 
ideal resistance gene. An intense search for appropriate promoters was made. The T R double 
promoter employed here (Velten et al., 1984) proved to be an appropriate candidate during this 
study Wound-induced promoters or those that can be simulated by other infectious phenomena 
would protect the plants from any stresses by exogenous proteins in the healthy state, but m the 
event of infection could ensure efficient resistance reaction. 

The mechanisms of the process of secreting proteins by the bacterial plasma membrane 
(Benson et al., 1985; Oliver, 1985; Wu and Tai, 1986) and the eukaryotic endoplasmic reticulum 
(Kelly 1985) have been very intensely investigated in recent years. Exccytosis is fundamentally 
similar for both systems but there are deviations in essential details. The eukaryotic secretion 
mechanism will be briefly sketched below. The first hypothesis (signal hypothesis) was 
advanced in 1975 by Blobel and Dobberstein (1975a/b). According to it, translocation of 
polypeptides is coupled to protein biosynthesis. Ribosomes bound to the membrane of the rough 
endoplasmic reticulum of eukaryotic cells produce secreted proteins, whereas free nbosomes 
synthesize cytoplasmic proteins (Redman and Sabatini, 1966). Nearly all secreted proteins have 
an N-terminal signal peptide of 20 to 40 amino acids which exhibits specific features (v. Heijne, 
1985a) and is cleaved by signal peptidase, a membrane protein (Oliver, 1985). If the signal 
peptide leaves the ribosome during protein biosynthesis, which corresponds to the achievement 
of a length of about 70 amino acids of the mature polypeptide (v. Heijne, 1985b), protein 
synthesis is stopped by an interaction of the signal peptide with the signal recognition particle 
(SRP) (Walter et al., 1984; Wiedmann et al., 1987a). SRP consists of six polypeptides and a 
300-bp RNA (7S-RNA) (Walter and Blobel, 1981, 1982) and interacts through the 54 kDa 
polypeptide with the signal peptide (Kurzchalia et al., 1985; Wiedmann et al., 1987a). The 
translation stop is eliminated by a direct interaction of SRP with its SRP receptor, also called 
docking protein (Meyer et al., 1982). This 73-kDa protein (Lauffer et al., 1985) is an integral 
component of the membrane of the rough endoplasmic reticulum, but consists of a 
membrane-anchoring and interacting cytosol subunit (Hortsch et al., 1985; Lauffer et al... 1985); 
the developing interaction is transient in nature and causes dissociation of the entire complex, but 
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does not participate in direct interaction between the ribosome and the membrane (Gilmore and 
Blobel, 1983), but only leads to a spatial approach (Walter et al., 1984). Other ER membrane 
proteins that participate in transport of secreted proteins through the ER membrane (Hortsch et 
al., 1986; Robinson et al., 1987) and for which signal peptide binding by the domains embedded 
in the membrane can be detected in two cases by photoaffmity labeling (Robeson et al., 1987) 
were recently discovered. Specific functions, namely binding of the signal peptide freed from the 
SRP-SRP receptor-ribosome complex, could be coordinated to a second receptor, the signal 
sequence receptor (SSR), SSR being an integral glycosylated protein of the membrane of the 
rough ER (Wiedmann et al., 1987b). According to the current view, this regulated system of a 
signal peptide and its receptors serves to maintain a tertiary structure of the corresponding 
protein appropriate for transport through the membrane (Zimmermann and Meyer, 1986). The 
first interaction of signal peptide and membrane occurs in an environment that is still accessible 
to aqueous reagents (Gilmore and Blobel, 1985). 

The most recent hypothesis claims that, in mammalian cells, SRP binds the signal peptide 
and interacts with the SRP receptor, which is already an ER membrane protein. The signal 
peptide is transferred to SSR from this complex without protein biosynthesis having to be 
continued. The task of SRP therefore appears to be prevention of folding of the nascent protein 
(Walter 1987; Wiedmann et al., 1987b). 

Post-translational secretion without involvement of the SRP-SRP receptor complex has 
also been observed (Walter, 1987; Wiedmann et al., 1987b), in this case the conformation of the 
complete protein still permitting interaction with SSR. This result correlates with the earlier 
observation of constitutional and post-translational secretion (Kelly, 1985). In the case of 
prepromellitin from the honeybee, Muller and Zimmermann (1987) were able to detect 
cotranslational insertion in vitro in dog pancreas microsomes without participation of SRP and 
SRP receptor, in which case the cluster of negatively charged amino acids on the N-terminus had 
to be compensated by a cluster of positively charged residues on the C-terminus, which also 
indicates the structural effect. 

Signal peptides do not show extensive homologies in primary structure, but common 
structural features. The length is variable, ranging from 16 to more than 50 amino acids, but 
averages about 20 (v. Heijne, 1985a). The main feature is a hydrophobic core sequence of 8 to 18 
uncharged amino acid residues (h region), which could be the objective for SRP. The N-terminus 
is very variable in length, but not in positive excess charge, which is always about +1.7. The 
C-terminal region of the signal peptide does not vary very strongly in length, but is polar 
(v. Heijne, 1985a), mostly negative in overall charge (v. Heijne, 1986a). The spatial structure 
(Robinson and Austen, 1987) and the charge differences between the individual domains 
(v. Heijne, 1985b) must be considered the main features of a signal peptide. In an in vitro 
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experiment, Briggs et al. (1986) were able to demonstrate that a synthetic signal peptide is 
randomly coiled in aqueous solution, and on contact with a lipid bilayer is preferably in a 
(3-folded sheet and in inserted form in the a-helix structure. Calculations of the secondary 
structures also lead to a dominance of the a-helix in the h region (Robinson and Austen, 1987). 
Depleted sites of signal peptides that are recognized by signal peptidase have thife conserved 
positions that are essential for cleavage but not for insertion in the membrane, these being the 
positions -1/-3/-6 (v. Heijne, 1984; Kuhn and Wickner, 1985). A small neutral amino acid is in 
position -1 and an uncharged (also larger) amino acid in position -3 and a helix-breaking residue 
(glycine or proline) is often situated in position -6. Rules for prediction of signal peptide 
cleavage sites were developed by v. Heijne (1983, 1986b). The important features of a signal 
peptide (polarity, secondary structure) could be summarized and functionally employed in a 
synthetic signal peptide which represents a derived consensus of known natural signal peptides. 
This peptide competes in vitro with numerous newly biosynthesized secreted proteins and 
prevents their take-up in microsomal vesicles and processing (Austen et al., 1984). By amino 
acid substitution, the natural hydrophobic core sequence for alkaline phosphatase from E.coli 
was mutated so that a sequence of nine consecutive leucine residues was now present. This 
mutant exhibited an increased secretion rate relative to wild type (Kendall et al., 1986). Kaiser 
et al. (1987) found that 20% of the statistical sequences are capable of assuming the function of a 
signal peptide as an export signal, in which the h region must comprise only a few hydrophobic 
residues, but only a few of them were accessible to processing by signal peptidase. These data 
together indicate that the specificity of signal peptide recognition is only low. Nevertheless, Bird 
et al. (1987) demonstrated an example in which a yeast signal peptide in the original state did not 
function as a secretion signal in a mammalian cell system, but only after mutation to higher 
hydrophobicity. 

Analogous to the signal peptide, sequences were also found that cause insertion of the 
corresponding protein in the membrane and prevent secretion (stop transfer sequence). This 
applies to prokaryotes (Dalbey and Wickner, 1986; Kuhn et al., 1986) and eukaryotes (Mize 
et al., 1986; Munro and Pelham, 1987). In the mentioned examples, these stop transfer sequences 
are found on the C-terminus of the mature protein. By doubling of a signal peptide, depending on 
the spacing of the two sequences from each other, the second sequence could assume the 
function of a stop transfer sequence (Coleman et al., 1985). Szczesna-Skorupa et al. (1988) 
mutated a membrane-anchoring signal peptide by introduction of positive charges on the amino 
terminus to a secreting peptide. For the further transport path of secreted proteins, the 
participation of vesicles both between the rough endoplasmic reticulum and the Golgi apparatus, 
the next station of exocytosis (Lodish et al., 1987, 1988), and also further transport from there to 
the cell membrane as well as the merging of such vesicles with the cell membrane (Staehelm and 
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Chapman, 1987) were detected. In addition to the cell organelles, cytosol factors and ATP, as the 
energy-supplying compound, are necessary, as was demonstrated in an in vitro reconstitution 
experiment (Beckers et al., 1987). The distinction between plasma membrane proteins, secreted 
proteins and lysosomal proteins, which originally all possess a signal peptide, is attributed to a 
sorting toward different vesicle types in the last Golgi compartment, the traj^Golgi network 
(Griffiths and Simons, 1986). Rothman (1987) controversially discusses the different approaches 
of protein sorting and prefers the idea of selective retention of ER and Golgi proteins in these 
organelles by special retention signals. For bacteria, a varying hydrophobicity of the N-terrninal 
segment of the signal peptide was related to final localization of the protein (Sjostrom et al., 
1987). 

A second aspect is retention of incorrectly folded or aggregated proteins in the ER. An 
example for such transient retention is the discovery of immunoglobulin heavy chain-binding 
proteins (BiP) in the lumen of the ER (Haas and Wabl, 1983), this interaction only being 
eliminated by correct aggregation of two light and two heavy chains (Bole et al., 1986). The C H i 
domain of the heavy chain is necessary for interaction with BiP, but BiP is not necessary for 
assembling of light and heavy chains, and if this interaction does not occur, secretion of 
incompletely aggregated antibodies also occurs (Hendershot et al., 1987). A reason for this is 
that the target-determining sequences in the heavy chain are not always readily accessible. 
Assembling is also inhibited by incomplete glycosylation of the heavy chain in IgM. Domer 
et al. (1987) demonstrated that the degree of interaction between BiP and the heavy chain 
depends on the degree of glycosylation; the lower the glycosylation of the heavy chain, the more 
stronger the binding to BiP, which can lead to a stable bond. The decisive factor is obviously the 
conformation and with it the accessibility of the glycosylation sites. The efficiency of secretion is 
regulated by these mechanisms. 

Glycosylation is a key factor during protein sorting (Olden et al., 1982). This occurs in 
steps in the ER and Golgi apparatus (Ferro-Novick, 1985), in which different proteins impose 
different requirements on carbohydrate modification for their proper transport (Olden et al., 
1978; Gibson et al., 1979). Guan et al. (1985) was able to demonstrate that by N-glycosylation an 
originally membrane-anchored protein could be altered so that it is efficiently transported to the 
cell surface. For this purpose, two consensus sequences (Asn-X-Ser/Thr) were introduced for 
N-glycosylation by site-directed mutagenesis. Wild type yeast cells synthesize two forms of 
invertase: a cytoplasmic form and a secreted glycosylated form with a signal peptide; on 
introduction to the ER lumen, the signal peptide is cleaved and 9-10 oligosaccharide chains are 
bound to asparagine. External chain oligosaccharides are linked to the N-bound inner 
carbohydrate chains during passage through the Golgi apparatus; active conformation cannot be 
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achieved when translocation occurs in the absence of glycosylation (Ferro-Novick, 1985). 
Glycosylation is obviously necessary to achieve a stable tertiary structure and for secretion. 

Only a few studies have been conducted, especially for plant cells. Gubler et al. (1986) 
was able to demonstrate for the first time by immunogold labeling the participation of the Golgi 
apparatus in secretion of plant tissue. Signals were observed over the ER-lumen^d associated 
with membranes of the rough ER and the Golgi apparatus. Similarly, through the mechanism of 
translocation through the ER membrane in plants, SRP itself was initially identified as a 
component of mammalian cells; in microsome membranes of wheat germ a component similar to 
SRP was discovered (Prehn et al., 1987), which, however, causes no translation stop. This could 
only be observed during addition of mammalian cell SRP (Duong et al., 1987). Only recently N. 
Campos (personal communication) reported the isolation of SRP from com endosperm. 

The best investigated secreted protein in plants is ot-amylase (EC 3.2.1 .1) from the 
aleurone layer of barley. Synthesis of this enzyme is stimulated by gibberellic acid up to a 
fraction of 50% total protein, in which case de novo synthesis occurs (Mozer, 1980; Bemal-Lugo 
et al., 1981; Higgins et al., 1982; Chandler et al., 1984; Huang et al., 1984). Several cDNA 
clones that belong to two different gene families have since been isolated (Rogers and Milliman, 
1983; Chandler et al., 1984; Huang et al., 1984). In the present study clone E of Rogers and 
Milliman was used. The protein contains a signal peptide of 23 amino acids whose gene 
sequence was ligated in front of the structural genes of the proteins being investigated. 
Localization in the aleurone tissue has already long been investigated, but methods that permit 
adequate fine structure analysis were not always chosen. On the one hand, an association with 
aleurone grains, especially the outer membrane and peripheral cytoplasm (Jacobsen and Knox, 
1973), was found by immunofluorescence and, on the other hand, signals in the core region and 
the entire cytoplasm (Jones and Chen, 1976). The participation of the ER (Locy and Kende, 
,1978; Jones and Jacobsen, 1982) was initially detected by biochemical methods, participation of 
both the ER and the Golgi apparatus finally by electron microscopy (Fernandez and Staehelin, 
1985) and immunogold labeling (Gubler et al., 1986) - i.e., retention of a "conventional" 
secretion path. The liberation of a-amylase from aleurone cells by gibberellic acid-induced cell 
wall hydrolysis was recently demonstrated by immunogold labeling (Gubler et al., 1 987). 
Processing and secretion of intact wheat a-amylase in yeast was achieved by Rothstein et al. 
(1984) by cloning of cDNA in a yeast expression vector. 

Lysozyme, as a simple monomer and small protein from which a resistance effect can 
simultaneously be expected, was chosen for expression in tobacco. It is used for lysis of bacteria 
in pharmaceutical preparations and in in vitro laboratory methods. Lysozyme from the 
bacteriophage T4 (Tsugita, 1971 ; Grutter et al., 1983) is superior in strength of the effect to the 
chicken protein lysozyme ordinarily used because of its good availability - it is 250 times more 
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active than chicken protein lysozyme against E. coli cell walls. The T4 lysozyme is a basic 
protein of 1 8.7 kDa with an optimal pH of 7.2-7.4 for enzymatic activity. Although there are no 
homologies to chicken protein lysozyme in the primary structure, both proteins have a very 
similar conformation (Remington and Mathews, 1978; Matthews et al., 1981). At identical 
catalytic activity, similarities occur in the substrate binding mechanisms (Remington and 
Mathews, 1978). By introduction of a disulfide bridge, Perry and Wetzel (198$ Wetzel et al., 
1988) could stabilize the protein against thermal inactivation. Purification of T4 lysozyme was 
first accomplished in 1968 (Tsugita et al., 1968). 

During the infection cycle, the gene in E. coli is transcribed in early and late phase but 
the early mRNA is not translated because it forms a stable secondary structure that blocks the 
translation start by a "hairpin loop" (McPheeters et al., 1986). A genomic clone for the T4 
lysozyme (clone E) was isolated a few years ago and sequenced (Owen et al., 1983) and this 
clone was used in the present study. Perry et al. (1985) achieved nontoxic expression of the same 
gene in E. coli. For this purpose, they cloned the gene with elimination of the hairpm-forming 
region behind the tac promoter and weak expression of the gene proved to be nontoxic. After 
induction with EPTG, up to 2% of the total protein formed as active T4 lysozyme but lysis only 
occurred after freezing and rethawing. This supports the assumption that expression of other T4 
genes might be necessary for lysis of the host cell (Josslin, 1970; Tsugita, 1971). The T4 
lysozyme overproduced in E. coli by Perry et al. and isolated from it was injected into rabbits to 
generate polyclonal antibodies and from this an affinity-purified IgG fraction was isolated. 

A natural (although generally very weak) lysozyme activity has been found in a number 
of plants. This is exerted by proteins which primarily exhibit a chitinase activity. Such proteins 
are active against bacterial and fungal cell walls (Howard and Glazer, 1967; Glazer et al., 1969; 
Bemier, 1971; Boiler et al., 1983; Pilet et al., 1983; Pilet and Bernasconi, 1984; Bemasconi 
et al., 1986; Schlumbaum et al., 1986). They belong to proteins whose expression is stimulated 
by stress conditions or attack of a pathogen (Bemier, 1971; Bernasconi et al., 1986; Schlumbaum 
et al., 1 986) (see above, PR protein). 

With integration of the gene for bacteriophage T4 lysozyme and its expression in 
tobacco, a contribution should be made to strengthening the natural defense mechanisms, 
especially a supplementation of endogenous lysozyme activity. 

More intricately structured molecules are the antibodies (see Tijssen, 1985) consisting of 
two light and two heavy chains bound to each other by disulfide bridges. A distinction is made 
between several classes of heavy (50-70 kDa) and two classes of light chains (about 25 kDa). 
Additional stabilization occurs by noncovalent interactions. The individual chains are 
constructed from several domains, each of which comprises about 1 10 amino acid residues. They 
have significant sequence homologies and similarities in the three-dimensional structure between 
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the individual classes. The light chains include two domains, the heavy chains three to five. One 
distinguishes V, J, D and several C domains, the V region forming the active center and having 
the least sequence conservation. Hypervariable regions are arranged around the active center. 
The other domains are "joining, 11 "diversity" and "constant." Because of the compact globular 
structure, which is formed primarily by the backbone of the constant region, anti^xiies acquire 
unusual stability. Even after chemical blocking of the previously cleaved S-S bridges, the chains 
reassociate the intact molecules, which demonstrates the intensity of the secondary interactions 
between adjacent domains. An exposed site is the "hinge" region, which is characterized by 
proline abundance, which leads to an unstable secondary structure, and cysteine residues, which 
bond the two heavy chains to each other. This position is relatively more sensitive to cleavage by 
proteases, 

An anti-NP-IgM antibody described by Bothwell et al. (1981, 1982) was used as the 
model system (NP = (4-hydroxy-3-nitrophenyl)acetyl). The cDNAs of the gene for the light and 
heavy chain were made available by K. Rajewski (Cologne). Expression of both chains was 
already successful in E. coli, but assembling could only be found by in vitro reassociation from 
an extract (Boss et al., 1984). Cabilly et al. (1984) reached the same result with another antibody 
also in E. coli. The expression experiment of anti-NP antibody in yeast cells was successful 
(Wood et al., 1985). Synthesis, processing and secretion of the light and heavy chains, 
glycosylation of the heavy chain and the detection of functional antibodies has been 
demonstrated, but assembling has only occurred with low efficiency. 

In a previous project, M. Stieger (1987) investigated expression of light and heavy chains 
as well as their assembling in Nicotiana tabacum. For this purpose, the sequence for the signal 
peptide was cleaved from the coding region for both chains and 30 amino acids removed from 
the carboxyl terminus of the heavy chain. Under control of a plant promoter, the presence of both 
.chains could be demonstrated with weak signals. Stieger was not in a position to demonstrate 
assembling of a functional antibody in tobacco plants. Only in identically transformed 
Acetabularia has assembling already been detected. 

Starting from these construct, fusion genes with the sequence for the signal peptide of 
a-amylase were produced from barley. Because of this, a secretion process in the plant should be 
introduced, as expected, which first allows us to expect glycosylation of the heavy chain and 
then possibly favors assembling, among other things merely by higher local concentrations of 
both chains. As already described, an immunoglobulin-heavy chain-binding protein (BiP) has 
been identified in the lumen of the ER in hybridoma cells whose interaction is only eliminated by 
aggregation of two light and two heavy chains (Haas and Wabl, 1983; Bole et al., 1986). The 
presence of a similar general mechanism for other proteins in plant ER would be conceivable. 
The use of monoclonal antibodies as a resistance strategy for plants has since been pursued by 
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another team (D. Baulcombe, personal communication). Fusions of the a-amylase-signal peptide 
gene with the coding regions for the light chain, heavy chain and lysozyme occurred as a 
function of the available clones in different ways. For the light chain of the antibody, an ATG 
codon for methionine as the translation start and a 6-bp BamHI linker was constructed by M. 
Stieger (1987) after removal of the sequence that codes for the signal peptida£before the first 
amino acid of the mature protein. The ct-amylase signal peptide gene was cloned directly in the 
reading frame in front of it so that the amino acids glycine, serine and methionine were 
additionally included in the fusion. A direct fusion of the corresponding gene to the signal 
peptide gene was constructed both for the heavy chain and for the lysozyme. In the case of the 
heavy chain, the coding sequence begins with the first amino acid of the mature protein, in T4 
lysozyme with methionine. Thus far no clear decision is possible whether the signal peptidase 
also requires conserved amino acids on the amino terminus of the mature protein, i.e., in the most 
unfavorable cases some amino acids of the pure a-amylase, for substrate recognition. In the 
present study, such construction was dispensed with and in one case (light chain), the 
incorporation of the inserted linker-coded amino acids was also carried out. 

The system of transformation of plants with genetically altered agrobacteria, which was 
developed first, is now already intensive, but has not been fully investigated by far. An attempt is 
made by determining the natural interaction between Agrobacterium and plants to improve and 
expand genetic engineering applications. The Ti (tumor-inducing) plasmid of Agrobacterium 
tumefaciens was identified as a functional factor, whose essential parts are the T-region and the 
vir-region (Hoykaas and Schilperoort, 1985). The T-DNA includes the DNA fragment enclosed 
by two 25-bp repeats, which is transferred to plants and integrated in their genome (Stachel and 
Zambryski, 1986d). Excision of this fragment from the Ti plasmid is accomplished, as was 
worked out recently, with the cooperation of genetic products of the vir-region (see Stachel and 
Zambryski, 1986d), which are again induced by wound-dependent produced plant substances 
(Stachel et al., 1985; Janssens et al., 1986). The interaction between the bacterium and the plant 
is initiated by trans-acting factors that are coded in the bacterium by the chromosomal virulence 
loci chv A and chv B (Douglas et al, 1985). In this case, the active role is played by the 
bacterium, whereas the plant cell acts passively, and for virulence and attachment of the 
agrobacteria, bacterial expression of auxin (IAA) is necessary (Matthysse, 1986). It could be 
demonstrated that the auxin does not act on the plant cell, but on the bacterium. Matthysse deems 
the participation of bacterial surface proteins and lipopolysaccharides as probable. Several 
hundred agrobacteria are bound per plant cell, but only a small fraction of all interactions leads 
to a DNA transfer (Depicker et al., 1985). The authors conclude that a plant cell is only 
transformed by one or at most a few bacteria and several T-DNA copies in a plant cell clone 
originate from an original T-region copy. Chemotaxis of agrobacteria with the Ti plasmid 
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pTiB6S3 to the phenolic plant wound exudate acetosyringone was recently discovered (Ashby 
et al., 1987), and the Ti plasmid function is at least partially responsible for this. The optimal 
concentration of acetosyringone is, at 10" 7 M, two orders of magnitude lower than that for 
induction of the vir operon described below, which ultimately leads to transfer of T-DNA. The 
vir-region of octopine-Ti plasmid pTiAch.5 is the best investigated. Vir B, vir Cj^jr D and vir E 
are expressed in bacteria only after activation by plant cells, vir A is constitutive and 
noninducibly regulated, whereas vir G is constitutively expressed and at the same time 
plant-inducible (Stachel and Nester, 1986c). Engstrom et al. (1987) conducted a more detailed 
study of vir-coded proteins. Vir A codes for a 91-kDa protein (localized in the cytoplasmic 
membrane fraction), which presumably acts as a membrane sensor protein for the plant signal 
molecule (Melchers et al., 1987), whereas the vir G protein activated by it positively regulates vir 
transcription (Stachel and Zambryski, 1986a). The vir B and C loci are involved, in addition to 
chv A and B, in the attachment and penetration of agrobacteria (or the Ti plasmid) into the host 
plant, whereas vir E regulates transposition of T-DNA in the host genome and a transposase 
enzyme could be involved (Gardner and Knauf, 1986). The vir D locus is essential for T-DNA 
circularization and these gene products must possess recombinase or exonuclease activity (Porter 
et al., 1987; Veluthambi et al., 1987; Yamamoto et al., 1987). Vir C is attributed a relation with 
host specificity of different species of agrobacteria (Stachel and Nester, 1986c). Mostly 
acetosyringone and a-hydroxyacetosyringone were detected as inducing compounds liberated by 
wounded plants and these act as an inducing agent for the vir operon (Okker et al., 1984; Stachel 
et al., 1985, 1986a; Holten et al., 1986). 

The T-DNA element is characterized by almost perfect 25-bp repeats (borders) flanking 
both sides. Nopaline plasmids possess a T-DNA region. Octopine plasmids, on the other hand, 
have two independent regions (T L and T R regions). The function of these repeats has largely been 
- explained, but not the question of whether this involves an essential component of the transfer 
system. Peralta and Ream (1985) demonstrated that the borders function efficiency only in a 
(wild type) orientation, whereas Rubin (1986) established independence from orientation. The 
right border repeat is then more important than the left (Caplan et al., 1985) and it alone causes 
efficient T-DNA transfer. Deletion of the right border while maintaining the left one leads to a 
drastic reduction in effectiveness of T-DNA transfer (Horsch and Klee, 1986). Indications have 
recently accumulated that the border repeats are not essential components, but only serve to 
increase the efficiency of transfer and to delimit the transferred region (van Haaren et al., 1987; 
R. Hain, personal communication). The sequences adjacent to the repeats outside of T-DNA then 
play an important role (Wang et al., 1987b). Buchanan-Wollaston et al. (1987) discovered the 
transfer of plasmid DNA from agrobacteria into plants by the action of ori T and mob functions 
of the Ti plasmid with a large host region with the presence of T-DNA borders. The authors 
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assume that the vir genes of the Ti plasmid take over the function of the tra genes during 
interbacterial gene transfer. The sequences in the vicinity of the borders obviously also exert an 
effect and Peralta et al. (1986) were able to identify an enhancer-similar sequence (overdrive) 
that lies directly adjacent to the right border and stimulates the activity of T-DNA transmission. 
These results could be confirmed by van Haaren et al. (1987). After inductiQH of the vir genes by 
acetosyringone, specific nicks occur as a result in the borders (Stachel et al.^T986b; Wang et al., 
1987a). The complementary strand is newly synthesized between these nicks and the old strand 
liberated as a so-called "T-strand" (Stachel et al., 1986b) and another model explains the 
occurrence of the repeatedly detected T-DNA circles by recombination on the borders 
(Koukolikova-Nicola et al., 1985; Machida et al., 1986; Stachel et al., 1986b). A fragment of the 
vir region includes genes for four proteins which are necessary and sufficient for production of 
the T-DNA circles (Alt-Moerbe et al., 1986). The following steps of transfer require further 
explanation. The limited host region of some Ti plasmids is due to a defect of the cytokinin gene 
of T-DNA (Hoekema et al., 1984; Yanofsky et al., 1985). The observation that no 
acetosyringone could be detected and as a result no T-DNA circularization in a number of 
investigated monocotyledonous plants that normally cannot be attacked by agrobacteria appears 
to be important (Usami et al., 1987). In addition, the transformation rate in Arabidopsis thaliana 
was significantly increased by addition of acetosyringone (Sheikholeslam and Weeks, 1987). 
This compound is therefore assigned decisive importance in transformation experiments. The 
single monocotyledonous cell culture transformed by agrobacterium described thus far originates 
from Asparagus officinalis (Hernalsteens et al., 1984). 

In addition to the opine genes, T-DNA also includes additional conserved genes whose 
expression lead to synthesis of plant hormones (Leemans et al., 1982; Morris, 1986). Genes 1 
and 2 code for two enzymes of the auxin synthesis pathway (Schroder et al., 1984; Kemper et al., 
1985; van Onckelen et al, 1986) and gene 4 for an enzyme of the cytokinin biosynthesis 
pathway. Auxins and cytokinins are not only produced in plants by these genes, but also in 
agrobacteria which secrete these substances, and they were also surprisingly detected in other 
microorganisms (see Weiler and Schroder, 1987). Transfer and expression of phytohormone 
genes from agrobacteria into plants lead to undifferentiated tumor growth, which is regulated by 
the concentration and ratio of both genes (Amasino and Miller, 1982; Akiyoshi et al., 1983). 

The opine genes, according to which different types of Ti plasmids are classified (for 
example, octopine, nopaline), are localized in octopine plasmids in the Tr DNA and in plant 
tissue lead to synthesis of unusual amino acids that cannot be broken down by the plants 
themselves, but merely serve as nutrients for the agrobacteria (see Weiler and Schroder, 1987). 
The best known opine is nopaline, whose nopaline synthase gene was isolated very early 
(Depicker et al., 1982; Bevan et al., 1983). A double promoter (pT R ) which regulates the 1* and 2' 
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genes for enzymes of the mannopine biosynthesis pathway acquired greater significance recently 
(Ellis et al., 1984; Karcher et al., 1984; Winter et al., 1984). These two transcripts saw the 
greatest frequency of all Tr-DNA transcripts. Velten et al. (1984) isolated a 479-bp fragment 
from pTiAchS that contains both complete promoters, and constructed plant selection expression 
vectors with it (Velten and Schell, 1986). Good activity of the promoter was foi^d in calli. Since 
then, the promoter has found use for expression of CAT in carrot protoplasts (Boston et al., 
1987), Bacillus thuringiensis endotoxin (Vaeck et al., 1987), a streptomycin resistance (Jones 
et al., 1987) and bacterial luciferase from Vibrio harveyi, a heterodimeric protein where both 
coding sequences are under the control of both promoter directions (Koncz et al., 1987). Weak 
activity in agrobacteria and E. coli was also described for the analogous T promoter from 
pTiB 6 806 (Gelvin et al., 1981, 1985) and an activating element was identified by deletion 
analysis in the S'-untranslated region, which can also make a rudimentary octopine synthase 
promoter functional again (DiRita and Gelvin, 1987). By analysis of luciferase expression in 
different parts of plants, a differentiated expression and a possible auxin dependence of double 
promoter activity was found (A. Szalay, C. Koncz, personal communication). This was a starting 
point for precise analysis of the transcription intensity in different plant tissues and testing that 
possible regulation and inducibility under sterile culture conditions. Tissue-specific expression of 
the T-DNA promoter was recently found for another promoter, namely that of gene 5 of T L -DNA 
from pTiAchS (Koncz and Schell, 1986). This promoter is active in the callus and stem and only 
slightly in fully developed leaves. On a medium with high auxin and low cytokinin, expression 
in leaf fragments could be reproduced and it appears to be regulated by plant growth factors. 
Analysis of the expression conditions of the T R double promoter was necessary in order to be 
able to establish in which tissue and under which conditions the introduced proteins can be 
expected. A tissue-specific regulation and inducibility was found by wounding and plant 
hormones. The nopaline synthase promoter (pNOS) is generally viewed as a constitutive, 
relatively weak promoter (Depicker et al., 1982; Bevan et al., 1983; Koncz et al, 1983; Sanders 
et al, 1987). This promoter also has an activating element (Ebert et al., 1987). Since the gene for 
the heavy chain of the antibody in the existing transgenic plants is under the control of the NOS 
promoter, an attempt was made to transfer the induction conditions for the double promoter tor 
the NOS promoter. Both promoters are a component of T-DNA and also control synthesis of 
opines and therefore the result of a logical line of thought developed to also investigate pNOS for 
possible regulation and inducibility, despite all previous publications. In fact, the same 
expression pattern in principle was found, but with much lower factors but at roughly the same 
base level. The previous classification as a simple constitutive promoter is therefore incorrect 
and became untenable. 
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The plants generated during a transformation (even those from a callus) consequently 
exhibit very high variability in expression of the introduced gene (see Budar et al., 1987; Sanders 
et al., 1987). It is therefore essential to test all transformants for the expression rate. 

So-called disarmed Ti plasmids were constructed for genetic engineering use of the Ti 
plasmid system. They do not generate tumorous growth and permit regenera^n of intact plants. 
The already constructed plasmid pGV 3850 (Zambryski et al, 1983) is also still in use today. 
The recombinant vector plasmid that contains the promoter-gene-pA sequence cassette is 
integrated by homologous recombination. More recent constructions function according to the 
principle of binary vectors, where the borders are localized with the T-DNA on a small plasmid 
and the vir region in the trans position on a second plasmid (Bevan, 1984; Hoekema et al., 1985; 
Koncz and Schell, 1986; Koncz et al, 1987). 

A rapid method for detection of gene products can be transient expression of a plasmid in 
tobacco protoplasts. This method was first worked out recently (Fromm et al., 1985; Prols, 1986; 
Fromm and Walbot, 1987) and is derived from the second established gene transfer method for 
transformants (in addition to the agrobacteria system), the direct gene transfer with naked DNA 
(Krens et al., 1982; Paszkowski et al., 1984; Hain et al, 1985; Shillito et al., 1985; Negrutiu 
et al., 1987). During transient expression, the genetic information is read directly from the free 
plasmid and integration into the genome is unnecessary. After a short time, however, the DNA 
breaks down. In such a system, expression of NPT II with the Tr double promoter of comparable 
intensity has already been measured with the cauliflower mosaic virus 35S promoter (M. Prols 
and R. Topfer, personal communication) and the calcium nitrate-PEG transformation methods 
modified according to Hein et al. (1983) were used. Transient expression of a plasmid-coded 
protein by Western blotting, however, has still not been described in tobacco protoplasts. 

Another rapid experiment is expression of such plasmids in Acetabularia mediierranea. 
The plasmid DNA is injected into isolated nuclei, which are then reimplanted in Acetabularia 
without nuclei (Neuhaus et al., 1983, 1984, 1986; Langridge et al., 1985; Berger et al., 1987; 
Schweiger and Neuhaus, 1987). Detection of the heterologous protein occurs by 
immuno fluorescence using appropriate control. Such an experiment has been successfully 
conducted for the T R double promoter-T4 lysozyme gene fusion by G. Neuhaus (Ladenburg). 

Identification of the sought proteins and detection of cleavage of the signal peptide can 
occur by analysis of the molecular weight and immunochemical detection by Western blotting 
(Towbin et al., 1979; Burnette, 1981). This method has found increasingly successful use in 
recent years in molecular biology laboratories. A further development is the recently introduced 
semidry electroblotting (Kyhse-Andersen, 1984), combining simplicity and rapidity of the 
method. A modern and reliable Western blotting method with biotin-streptavidin-supported 
immunochemical detection by alkaline phosphatase staining was developed together with it. The 
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use of radioactive labeling was also applied to DNA analysis by Southern blotting and a similar 
protocol worked out. For enrichment of B 1-8 antibodies from plant tissue, the most promising 
method has proved to be the use of monoclonal anti-Bl-8 antibodies (A. Radbruch and M. Reth, 
personal communication; Reth, 1981). An affinity chromatographic method was worked out for 
it and also similarly for T4 lysozyme. 

Final demonstration of the localization of these proteins in plant tissue can only occur by 
electron microscopic methods. Since only relatively limited amounts of protein are to be 
expected in comparison with previous analyses of endogenous protein, the most sensitive 
method, immunogold labeling, was resorted to. Analyses have already been conducted on plant 
material with such a method (Sossountzov et al., 1986; Gubler et al., 1987a, 1987b). 

In the present study, gene constructs were initially prepared, which, on the one hand, 
have the genes for the light chain and the heavy chain of an anti-NP monoclonal antibody (Bl-8) 
under the control of the T R double or NOS promoter and, on the other hand, for T4 lysozyme 
under the control of the Tr double promoter. All genes are fused with the gene for the signal 
peptide of a-amylase from barley in order to achieve secretion of the gene products. These 
expression vectors were integrated by homologous recombination into the Ti plasmid pGV 3850 
of agrobacteria. By the leaf disk test, Nicotiana tabacum was transformed individually with these 
constructions and transgenic plants regenerated. By Southern blot and the NPT tests (NPT II 
gene under control of the second position of the Tr double promoter), the transformation was 
checked and confirmed. A promoter activity analysis for pTr and pNOS was conducted on 
transgenic plant material to determine in which tissue and under which conditions expression is 
to be expected, according to which it turned out that the double promoter does not operate 
constitutively. Based on these results and the thus-far isolated transformed plants, a naked DNA 
transfer was carried out in Nicotiana tabacum SRI for the T4 lysozyme construct in cooperation 
with R. Hain (Monheim). Parallel with generation of the genetically altered plants, a polyclonal 
anti-T4 lysozyme antibody was prepared and characterized from rabbits. Modern, highly 
sensitive, nonradioactive detection methods based on the biotin-streptavidin system including 
semidry electroblottings for Western and Southern blotting were worked out for analysis of the 
plants. For enrichment of the sought proteins from the crude extract, an affinity chromatographic 
method proved to be the method of choice. Monoclonal Sepharose-coupled anti-Bl-8 antibodies 
and a hapten-Sepharose gel were used for Bl-8 (furnished by A. Radbruch and M. Reth). An 
attempt was also made to prepare a homologous system of transient expression in tobacco 
mesophyll protoplasts. The sought proteins were enriched by the aforementioned method and 
analyzed in this form or partly from the crude extract by Western blotting. In order to localize the 
proteins in the cell and demonstrate secretion, a joint project was conducted with S, Hippe 
(Aachen) in the area of electron microscopic immunogold labelings. For this purpose appropriate 



and modern preparation techniques were worked out by S. Hippe in order to obtain the structure 
of the cells from the different plant tissues and at the same time prevent possible loss of 
intercellularly localized proteins. 
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II. Material and methods 

2.1 Bacterial strains 
E. coli strains 

DH I (F, rec Al, end Al, gyr A96, thi-I, hsd R17, sup E44, rel Al, X) 

Low (1968), Hanahan (1983) 

In this strain (rec A") the danger of recombinations in throned DNA is 
sharply reduced. - ' 

BMH 71-18 A (lac-pro aB), thi, sup E, (F, pro AB, lac I q , Z A M15) 
Yanish-Perron et al. (1985) 

In this strain blue-white selection of transformed bacteria is possible with 
an insert in the lac Z gene by means of IPTG/X-Gal. 
GJ 23 (R 64 rdl 1 , pG J 28, Sm R , Tc R , Km R ) 

Van Haute etal. (1983) 

This strain contains the helper plasmids for conjugation of E. coli with 
agrobacteria. 
Agrobacteria strains 

C 58 CI (pGV 3850, Rif*, Cb R ), Zambryski et al. (1983) 
GV2215 (Rif*), Leemans etal. (1982) 

2.2 Plant material 

Nicotiana tabacum Wisconsin W38 (W38) is cultured sterile from seeds and reproduced 
as a sprout culture on MS medium (Murashige and Skoog, 1962) for a full day with 16 h light 
and 8 h darkness at 24-26°C. 

Nicotiana tabacum var. petit Havanna SRI (Maliga et al., 1973) is used for the protoplast 
studies and cultivated in the same manner. 

2.3 Chemicals 

General chemicals and auxiliaries were obtained from the following companies: Aldrich, 
Baker, Bio-Rad, Boehringer, Calbiochem, Difco, Fluka, Hoechst, Merck, Seakem, Serva, Sigma, 
Whatman, Schleicher & Schuell. 

DNA-modifying enzymes, DNAs and linkers from: Boehringer, BRL, Pharmacia, New 

England Biolabs. 

Radiochemicals from Amersham. 

X-ray films: Kodak X-Omat S and X-Omat AR. 
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2.4 Cooperation 

Acetabularia mediterranea: Dr. Gunter Neuhaus, Ladenburg (culture, microinjection, 

immunological detection). 

Immunogold labeling was conducted in cooperation with Dr. Sigrun Hippe (Aachen). 
During this work, a high pressure-low temperature sample preparation was conducted in the 
laboratory of Prof. Hans Moor (Zurich). - 
T R promoter analysis: Dr. Robert Masterson (Cologne). ^\ 
Naked DNA transfer for stable transformation with the T4 lysozyme construct: 

Dr. Rudiger Hain (Monheim). 

Expression of one-chain antibodies in vitro in plants: Prof. Georges Kohler and 

Dr. Antonio Iglesias (Freiburg). 
Obtained materials: 

The following DNA clones were available: 

Clone E (a-amylase from barley) from J. C. Rogers (Rogers and Milliman, 1983). 

T4 lysozyme (X1358-b538 imm 434::T4, E III e' sus 57) from G. R. Smith (Owen et al., 

1983). 

pAB X 1-15 (light chain of Bl-8) and pAB u-11 (heavy chain of Bl-8) as well as Bl-8 
protein and the employed antibodies and affinity gels for it from K. Rajewski (Cologne) 
(Bothwell et al., 1981, 1982). 

Plasmids pLGV 2385 Lc, pHC 1-3 and pHC 3-19 from M. Steiger (Cologne). 

T4 lysozyme protein from R. Wetzel (Genentech, San Francisco) (Perry et al., 1985). 



2.5 Microbiological methods 
2.5.1 Culturing of E. coli 

E. coli bacterial strains are cultured in LB medium (Miller, 1972): 

lOgtryptone 
5 g yeast extract 
5 gNaCl 

H 2 0 to I L, pH 7.5 

The medium is mixed with the required antibiotic. Employed concentrations: 

Amp 100 mg/L 

Sm 12.5 mg/L 

Sp 50 mg/L 
Incubation at 37°C in a blocking culture. 
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2.5.2 Culturingofagrobacteria 

The agrobacteria strains were cultured in YEB medium. 
5 g beef extract 
1 g yeast extract 
1 g peptone 
5 g sucrose 

2mMMgCl 2 • ^ , 

H 2 0 to 1 L, pH 7.4 

or in isolated agrobacteria clones also in LB medium (Miller, 1972) (see 2.5.1). 

The media are mixed with the required antibiotics. Employed concentrations: 
Cb 100 mg/L 
Rif 100 mg/L 
Sm 300 mg/L 
Sp 100 mg/L 
Km 25 mg/L 
Incubation at 28°C. 

2 5 3 Conjugation between E coli and Agrobacterium tumefaciens 

The mobilization system of the helper plasmids R64drdl 1 and P GJ28 is described by Van 
Haute et al. (1983). These two helper plasmids are transferred by conjugation between two E. 
coli strains from the strain GJ 23 in DHI, which contains the vector being mobilized. In the next 
step all three plasmids are transformed from these unconjugates in a conjugation between E. 
co/i'and Agrobacterium tumefaciens in the strain C 58 CI (pGV 3850) (Zambryski et al., 1983). 
Both conjugation steps are conducted simultaneously in one procedure. 

For this purpose, 5-mL overnight cultures were cultured from the bacterial strain (DH I 
with pAP 2034 derivative and GJ 23 in LB at 37°C, C 58 CI (pGV 3850) in YEB at 28°C). 
' 20 mL of the cultures of both E. coli strains are added dropwise in the center of a YEB plate and 
incubated for 1 to 2 h at 37°C, the spot drying in this time. 20 uL of the agrobacteria culture are 
then added dropwise to the center of the spot and incubated overnight at 28°C, suspended in 
400 ixh YEB medium and 200 ^L of it placed on a YEB plate with Rif (100 mg/L), Cb 
(100 mg/L), Sm (300 mg/L) and Sp (100 mg/L) and incubated for 2 to 3 days at 28°C. 

2.6 Plant tissue culture and transformation methods 
2.6.1 Culturing conditions 

Sterilization of tobacco seeds with sodium hypochlorite: 
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The seeds are placed for 2 min in 70% ethanol and 10 min in SDS sodium hypochlorite 
solution (2% (w/v) SDS + 17.5% (w/v) sodium hypochlorite in sterile water) and washed 
2x5 min. The sterilized seeds are laid out on L + S medium (Linsmeier and Skoog, 1965) and 
germinated and proliferated in a sterile culture on M + S medium (Murashige and Skoog, 1962) 
with a 16-h day at 24-26°C. 

For transformed material, L + S medium (Linsmeier and Skoog, 1965bvith 3% sucrose 
for the callus culture and sprout induction and.M + S medium (Murashige aalSkoog, 1962) with 
1 % sucrose for plant regeneration and culture are used. 



Composition 


L + S 


M + S 


NH4NO3 


1650 mg/L 




KNO3 


1900 mg/L 




CaCl 2 x 2H 2 0 


440 mg/L 




MgS0 4 x 2H 2 0 


370 mg/L 




KH2PO4 


170 mg/L 




Na 2 EDTA 


37.3 mg/L 




FeS0 4 x 7H 2 0 


27.8 mg/L 




H 3 B0 3 


6.2 mg/L 




MnS0 4 x H 2 0 


16.9 mg/L 




ZnS0 4 x 7H 2 0 


8.6 mg/L 




KI 


0.83 mg/L 




Na 2 Mo0 4 x 2H 2 0 


0.25 mg/L 




CuS0 4 x 5H 2 0 


0.025 mg/L 




CoCl 2 x 6H 2 0 


0.025 mg/L 




myo-inositol 


100 mg/L 




Thiamine hydrochloride 


0.4 mg/L 


0.1 mg/L 


Glycine 




2 mg/L 


Nicotinic acid 




0.5 mg/L 


Pyridoxine hydrochloride 




0.5 mg/L 


Sucrose 


30g/L 


lOg/L 




pH5.8 





2.6.2 Leaf disk test for regeneration of transformed plants (Horsch et al., 1 985) 
Method for direct generation of sprouts (modified according to Hain et al., 1985) 

Younger leaves of Nicotiana tabacum W38 are cut into small pieces and introduced 
petri dishes filled with liquid L + S medium (Linsmeier and Skoog, 1965). For this purpose 
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100 |iL of an overnight culture of agrobacteria are pipetted and incubated for 2 days. This is then 
washed three times in L + S medium with 0.5 mg/L BAP, 0.1 mg/L NAA and 500 mg/L 
cefotaxime (Claforan, Hoechst) and the leaf pieces placed on L + S medium with 0.5 mg/L BAP, 
0.1 mg/L NAA, 500 mg/L Claforan (3% sucrose and 0.8% agar). After a week the leaf pieces are 
transferred to fresh medium that additionally contains 50 mg/L kanamycin for selection (the 
vector pAP 2034 contains a gene for kanamycin resistance (NPT II)). The directJormation of 
sprouts is induced by the employed hormone combination without forming largdrcalli. The 
formed sprouts are cut off and placed for further selection on M + S medium (Murashige and 
Skoog, 1962) with 2% sucrose, 100 mg/L kanamycin, 500 mg/L Claforan. Untransformed 
sprouts wither. Surviving sprouts are tested for the presence of nopaline (see 2.9.1), if the 
nopaline gene is present in the Ti plasmid. Nopaline-positive sprouts are rooted and further 
cultivated on the M + S medium with 500 mg/L Claforan. Surviving but nopaline-negative plants 
are also further treated. When the sprouts are large enough, they are tested for neomycin 
phosphotransferase II activity (NPT test/see 2.9.2). 

Coinfection method (slightly modified according to Kaulen, 1986) 

The vector pGV 3850 can be used together with the sprout-inducing agrobacteria mutant 
GV 221 5 (Leemans et al, 1982). For this purpose, the leaf pieces are mixed with pGV 3850/GV 
2215 in a 5:1 ratio and incubated in a liquid L + S medium. After 2 days, they are washed three 
times in liquid L + S medium and the leaf pieces are placed on L + S medium with 3% sucrose, 
0.8% agar, 500 mg/L Claforan and 50 mg/L kanamycin. Two to three weeks after coinfection, 
tumors are formed which form sprouts in the medium in the absence of exogenous hormones. 
Initially, the calli are selected on 50 mg/L kanamycin, later the sprouts on 100 mg/L kanamycin. 
Further treatment of the sprouts occurs as described above. 

With acetosvringone induction 

The overnight culture of agrobacteria is cultivated under antibiotic selection in LB 
medium (pH 5.6) with 20 jiM acetosyringone (stock solution: 10 mM in DMSO). Infection of the 
tobacco leaves occurs with 100 jiL of this culture in L + S medium (pH 5.6) with 20 jiM 
acetosyringone for two days. It is then further treated according to the first method. Selection on 
50 mg/L kanamycin begins after one week. 

2.6.3 Transient expression in tobacco mesophyll protoplasts 

Transformation of Nicotiana tabacum SRI protoplasts with naked DNA occurs slightly 
modified according to Prols (1986) with the calcium nitrate fusion method. 
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Younger leaves are cut to medium-sized pieces and digested overnight in the dark at 
about 24°C in enzyme solution (1% cellulase Onozuka RIO + 0.5% macerozyme in K 3 medium) 
(>0.4M sucrose, 600 mOs)). On the next morning, they are carefully shaken and digested for 
another 1 to 2 h. The solution is then passed through a 250-nm and a 100-um sieve and then 
floated two times with K 3 medium and pelletized once with sea water (600 mOs). The 
protoplasts are set at a density of 5 x 1 0 6 cells/mL. * 

200 (1 x 10 6 protoplasts) of the suspension are transformed to a^ftri dish. For this 
purpose, 4 x 50 uL drops of PEG solution are placed around the protoplast drops and the DNA 
solution furnished to the protoplasts; with a larger volume of DNA solution, the amount of PEG 
solution is increased accordingly. This is then carefully mixed with the protoplasts and incubated 
for 20 min. 5 mL of the wash solution are then added dropwise, the entire liquid filled into a 
centrifuge tube and allowed to stand for 10 min. The protoplasts are centrifuged off, taken up in 
3 mL of K 3 medium + 1 mg/L NAA + 0.2 mg/L kinetin and filled into a small petri dish. After a 
few hours, the protoplasts are separated from each other and cultivated in the dark for three days 
at 24°C. They are then centrifuged with at least one volume of a 0.24M CaCl 2 solution and 
further processed as described for the different analysis methods. 



NaH 2 P0 4 x H 2 0 


150 mg/L 


MnS0 4 x H 2 0 


10 mg/L 


CaHP0 4 


50 mg/L 


H 3 B0 3 


3 mg/L 


CaCl 2 x 2H 2 0 


900 mg/L 


ZnS0 4 x H 2 0 


2 mg/L 


KN0 3 


2500 mg/L 


Na 2 Mo0 4 x 2H z O 


0.25 mg/L 


NH4NO3 


250 mg/L 


CuS0 4 


0.025 mg/L 


(NH4) 2 S0 4 


134 mg/L 


CoCl 2 x 6H 2 0 


0.025 mg/L 


MgS0 4 x 7H 2 0 


250 mg/L 






FeS0 4 x 7H 2 0 


27.8 mg/L 






Na 2 EDTA 


37.3 mg/L 






myo-inositol 




100 mg/L 




Nicotinic acid 




1 mg/L 




Pyridoxine hydrochloride 


1 mg/L 




Thiamine hydrochloride 


10 mg/L 




Xylose 




250 mg/L 




>0.4M sucrose, 600 mOs, pH 5.6 






solution: 








0.1M Ca(N0 3 ) 2 








0.45M mannitol 








25% PEG 6000 
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0.1MHEPES,pH9.0 

Wash solution: 

0.275M Ca(N0 3 )2, pH 6.0 

2.6.4 Stable transformation of tobacco mesophyll protoplasts 

Transformation of SRI leaf protoplasts occurs as described under 2.6.3 - 
They are cultivated initially for 3 days in the dark, then in the light. A welk after 
transformation, the regenerating protoplasts are embedded in agarose (1:1 (vol) with 
1 2% SeaPlaque low-melting agarose in K 3 medium (X).4M sucrose, 600 mOs) with 
1 mg/L NAA and 0.2 mg/L kinetin). After solidification of the agar block, this is divided mto 
quarters and transferred to a large petri dish. The agar disks are placed in K 3 medium with 
0 4M sucrose with hormones so that they are rinsed by the liquid medium. After 1 week the 
sugar content of the liquid medium is reduced by 0.05M sucrose until a value of 0.15M sucrose 
is reached. A week after embedding, selection for kanamycin begins (50 mg/L). After about 6 to 
8 weeks, small calli should be visible, which are then removed from the agarose and further 
cultivated as described under 2.6.2. 

2.6.5 Induction of pT R and pNOS in plant tissue 
Standard method for sterile culture: 

Leaves- The leaves are cut off, carefully cut into small pieces with a scalpel and placed 
with the top down on solid M + S medium with Claforan and 10" 5 M (2 mg/L) 2,4-D, as well as 
10- 5 M (2 mg/L) kinetin (1:1 hormone) and incubated for 5 or 6 days. 

Stems- The stems are divided into roughly 1-cm-long segments, these are cut lengthwise 
and placed with the cutting surface down on solid M + S medium with Claforan without 
additives and incubated for 5 or 6 days. 

Standard method for greenhouse plants: 

Leaves- The leaf surface is roughened, for example, with a toothbrush and damaged in so 
doing whereupon a solution of the aforementioned 1:1 hormone is sprayed on. On the two 
subsequent days the damaged leaves are sprayed with water. After 2 to 5 days, the induced 

leaves are cut off. 

Test method for induction analysis: 

Leaves and stem pieces are investigated in sterile culture according to the aforementioned 
methods with varying times (5 min to 6 days) and different additives (none, different hormone 
concentrations, different hormone concentrations and ratios, acetosyringone). Intact leaves and 
leaf pieces are used in a liquid and solid medium. The optimal concentrations are described 

above. 
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2.7 Methods of recombinant DNA technology 
2.7. 1 Isolation of plasmid DNA from E. coli 

Cloned plasmid DNA from E. coli bacteria is modified according to Bimboim and Doly 

(1979) and isolated. 

— Minipreparation: * 
The bacteria are cultured in a 5 mL overnight culture (LB medium)^7°C under 
antibiotic selection. 1 .5 mL of this are filled into an Eppendorf vessel and centrifuged. The pellet 
is resuspended in 100 uL of solution I, mixed with 10 uL of solution II and incubated for 10 min 
at room temperature. 200 uL of solution ffl are then added, mixed on the vortex and left to stand 
on ice for 5 min, then precipitated with 150 uL of cold solution IV, left to stand for 5 min on ice 
and then centrifuged. The supernatant is treated once with the same volume of 
phenol/chloroform/isoamyl alcohol 25:24:1 and precipitated with 0.1 vol of 3M NaAc pH 5.0 
and 2 vol of ethanol. After centrifuging, it is washed with 70% ethanol and dried, and the pellet 
is taken up in 30 uL of TE. About 5 ^L of this are used per digestion. 
Solution I: 1 0% (w/v) glucose 
lOmMEDTA 
25 mM Tris-HCl, pH 8.0 
Solution II: 50 mg/L lysozyme in solution I 
Solution III: 0.2MNaOH 

l%(w/v)SDS 
Solution IV: 3M NaAc, pH 4.8 
— Maxipreparation: 

The bacteria are cultured in a shaking culture for about 20 h at 37°C in LB medium under 
antibiotic selection. The bacteria are harvested by centrifuging for 20 min at 3500 G, 
resuspended in 10 mL of solution I/L of culture and lysed with 3 mL of solution D/L of culture. 
This is incubated at room temperature for 30 to 60 min. After addition of 3 mL of 0.5M EDTA/L 
of culture, it is allowed to stand for 10 min at room temperature. After addition of 40 mL of 
solution III/L of culture, it is carefully mixed and incubated at room temperature for 15 to 
30 min. It is centrifuged in polycarbonate tubes for 1 h at 65,000 G and 1 0°C. The clear ; 
supernatant is mixed with 0.97 g CsCl/mL and 0.083 mL EtBr (5 mg/mL)/mL and the plasmid 
DNA purified over two gradients. After dialysis versus water overnight, it is precipitated with 
alcohol, extracted twice with phenoVchloroform/isoamyl alcohol 25:24:1, precipitated with 
ethanol, washed with 70% ethanol, dried and dissolved in TE buffer. The concentration is 
determined via A 26 o- A 26 o = 1 corresponds to 50 ug DNA/mL. 

Solution I: 25% (w/v) sucrose 
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50 mM Tris-HCl, pH 7.5 

2.5 mM EDTA 
Solution II: 1 0 mg lysozyme/mL in solution I 
Solution III: 0.4% (w/v) SDS 

50 mM Tris-HCl, pH 7.5 

62.5 mM EDTA ^ 

2.7.2 Isolation of total DNA from agrobacteria 

The agrobacteria total DNA is isolated from 5 mL of a two-day culture (28°C) in YEB or 
LB medium. The pellet is washed with 1.5 mL of 5M NaCl and resuspended in 300 |iL of TE. 
100 \iL of a 5% (w/v) sarcosyl solution in TE and 100 uL of a predigested proteinase K solution 
(5 mg/mL) are added and digested for 2 h at 37°C. The DNA is then sheared by six- to eight-fold 
drawing through a 21 g cannula and extracted twice with phenol/chloroform/isoamyl alcohol 
25:24:1 and washed with 70% ethanol. After drying, the DNA is dissolved in 100 |iL TE and 
10 nL of this is used for restriction digestion. The DNA is precipitated and stored under ethanol 
at 4°C. 

2.7.3 Cloning methods 

The fundamental methods are essentially performed according to Maniatis et al. (1982). 

Recombinant plasmids are transformed in the competent cells (modified according to 
Maniatis et al., 1982, RbCh method), pBR 322 and pAP 2034 derivatives in DH I or 71-18, 
pUC 9 derivative in 71-18. Transformation occurs in slightly modified fashion by a temperature 
shock (42°C) according to Dagert and Ehrlich (1979). Bacteria with recombinant plasmids are 
selected for antibiotic resistance. For identification of the sought clone, plasmid DNA is isolated 
with a minipreparation (see 2.7. 1), digested with appropriate restriction enzymes and separated 
in agarose gels with 1 x TBE buffer (89 mM Tris-borate, 89 mM boric acid, 2 mM EDTA). 
' X-DNA digested with Pst I generally serves as the size marker. 

Employed plasmids: 

pBR 322 (Bolivar et al., 1977) 

pUC 9 (Vieira and Messing, 1 982) 

pAP 2034 (Velten and Schell, 1986) 

Restriction digestions of DNA are conducted according to the information of the enzyme 
producing companies. The isolation of DNA fragments from agarose gels occurred by 
electroelution in a dialysis loop in 0.5x TBE. The DNA is purified in a DEAE column (DE 52, 
Schleicher & Schuell) and eluted with 1M NaCl. The eluate is eluted with phenoVchloroform/ 
isoamyl alcohol 25:24:1 and precipitated with ethanol. 
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Ligations occur overnight at 15°C with 2 units T4 DNA ligase in 20 mM Tris-HCl, pH 
7.6, 10 mM MgCh-10 mM DTT, 0.6 mM ATP in final volumes of 20 uL (about 1 ug DNA). 

Fill in reactions with about 2 ug DNA are conducted with 10 mM dNTPs and 5 units 
DNA polymerase I Klenow fragment in 50 mM Tris-HCl, pH 7.2, 10 mM MgSCvO.l mM DTT 
and 50 ug/mL BSA in final volumes of 75 uL for 30 min at room temperature. 

Commercial linkers are acquired either in phosphorylated form or phojphorylated before 
ligation with T4 polynucleotide kinase. For this purpose, 2 ug of linker are Abated with 2 
units of enzyme in 70 mM Tris-HCl, pH 7.6, 10 mM MgCl 2 -5 mM DTT, 0.5 mM ATP for 
45 min at 37°C in a final volume of 20 yL. 

For linker ligation, 2 ug of filled in DNA and 1 .5 ug phosphorylated linkers with 2 units 
T4 DNA ligase and 1 unit T4 RNA ligase are cultured overnight at 15°C. This is then extracted 
with phenoVchloroform/isoamyl alcohol 25:24:1, precipitated with ethanol and then "opened" 
with the corresponding restriction enzyme of the linker. After digestion, it is extracted with 
phenol/chloroform/isoamyl alcohol 25:24:1 and selectively precipitated with isopropanol. Only 
fragments >1 kB are precipitated with 0.55 vol isopropanol, with 0.6 vol from about I kB and 
larger unligated linkers remaining in solution. For this purpose, 2.5 uL of 0.5M EDTA/100 uL of 
reaction solution are added, mixed with isopropanol and allowed to stand for 30 min at room 
temperature. This is then centrifuged and washed with 70% ethanol. 

Synthetic oligonucleotides were mechanically produced according to the 
phosphoramidite method at the Institute of Genetics at Cologne University. The work-up was as 
follows: The reaction solution after cleavage of the protecting groups is divided into 100-uL 
aliquots and ammonia evaporated overnight in an exhaust, then lyophilized in the Speed-vac and 
taken up again in 10 uL water. Purification occurs over a 20%-8M urea-polyacrylarnide gel. The 
probes are then denatured for 2 min at 95°C, cooled on ice and placed on formamide-sampled 
buffer (80% formamide, 50 mM Tris-HCl, pH 8.3, 0.1M EDTA, 0.03% (w/v) bromophenol blue) 
and lx TBE. The gel runs overnight with 450V. It is stained with 10 \xL ethidium bromide 
(5 mg/L)/100 mL for 45 min in lx TBE. The strongest and generally also the uppermost band is 
cut out on the transilluminator and eluted overnight in the roller with 0.5M NH4AC, 1 mM EDTA 
at 37°C. To eliminate gel particles, it is filtered through sterile glass wool precipitated for one 
day at -70°C with ethanol, then washed twice with 70% ethanol, dried and dissolved in H 2 0. For 
ligation, the two complementary oligonucleotides are phosphorylated together in a solution with 
T4 polynucleotide kinase and ligated in the same charge after addition of DNA with T4 DNA 
ligase. 
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2.7.4 Southern blot 

With nitrocellulose (conventional blot): 

The DNA being analyzed is digested with the appropriate restriction enzyme and 
separated on an agarose gel in lx TBE (89 raM Tris-borate, 89 mM boric acid, 2 mM EDTA). 
For depurination, it is washed twice for 15 min with 0.25M HC1, then denatured for 45 mm with 
1 5M NaCl/0.5M NaOH and neutralized for 45 min in 1M Tris-HCl, pH 7.0/1. 5|JNaCl. 
Transfer of DNA to nitrocellulose (Schleicher & Schuell BA 85, 0.45 jun) occu^according to 
Southern (1975) and Maniatis (1982) by capillary blotting in 20x SSC 6 h to overnight. After 
blotting, the filter is briefly rinsed in 6x SSC, dried in air and baked for 2 h in a vacuum furnace 
at 80°C. 

20x SSC: 0.3M sodium citrate, 3M sodium chloride, pH 7.0. 
With Immobilon PVDF (alkaline blot): 

In this case, the agarose gel after the run is also depurinated in large fragments 
(lx 1 5 min 0.25M HC1) and then denatured for 30 min in 0.4M NaOH. Transfer occurs in the 
same buffer. The Immobilon membrane (Millipore) is moistened briefly in methanol and the 
methanol substituted by immersing in water (about 2 min), and then the filter is equilibrated m 
the blotting buffer. The blot is constructed as usual and allowed to stand overnight. After 
blotting the filter must be washed for 2 min in 2x SSC so that a neutral P H value is reached, 
since otherwise brown coloration of the filter occurs during baking. For fixation of the DNA, 
there are two possibilities to chose from: either baking for 2 h in a vacuum furnace at 80°C as in 
nitrocellulose, after the filter was dried at room temperature, or placing the moist filter for 4 min 
on a transilluminator. 

2.7.5 Hybridization of filter-bound plasmid and agrobacteria DNA with biotin-labeled samples 
During use of biotinylated probes, phenol must not be used for extraction, since they 

preferably migrate into the phenol phase! 

— Biotinylation of DNA fragments by nick translation: 

In an Eppendorf vessel 5 |iL Sol A4 (0.2 mM dATP, 0.2 mM dCTP, 0.2 mM dGTP, 
500 mM Tris-HCl, pH 7.8, 50 mM MgCl 2 , 100 mM 2-mercaptoethanol), 2.5 \iL 0.4 mM biotin 
1 1-dUTP (BRL) and DNA are combined with 5 uL nick translation-grade DNA polymerase 1 . 
(BRL) in a total volume of 50 uL. This is incubated for 60 min at 1 5°C, then the reaction 
terminated with 3 uL 0.5M EDTA and 1.25 uL 5% (w/v) SDS. Precipitation is done twice with 

ethanol to eliminate free nucleotides. 

-Biotinylation of DNA fragments by oligolabeling (modified according to Femberg and 

Vogelstein, 1983/1984): 
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The random primed DNA labeling kit from Boehringer is used. 25 ng to 1 ug DNA are 
denatured for 10 min at 95°C and cooled on ice. 1 uL of the dATP, dCTP and dGTP solutions 
(5 mM), 1 .4 uL of a 1 :0.6 dTTP/bio-1 1-dUTP mixture (5 uL 0.5 mM dTTP + 3.75 uL 0.4 mM 
bio-1 1-dUTP), 2 uL of reaction mixture and 1 uL of Klenow enzyme are added and allowed to 
react in a total'volume of 20 uL for 2 h at 37°C. The reaction is stopped by adding 1 uL of 0.5M 

EDTA and 1 0 min of heating at 65°C. -j 
— Hybridization with biotinylated DNA probes: - _ 

Nitrocellulose filters are moistened in water, Immobilon filters are wetted in methanol 
and substituted in water and then prehybridized for 2 h at 42°C in hybridization buffer 
(5 mL/100 cm of filter) with heat-denatured (10 min at 95°C) sonicated calf thymus DNA 
(300 ^ig/mL of buffer). Overnight hybridization is done in fresh hybridization buffer (2 mUlOO 
cm filter) with the heat-denatured (10 min at 95°C) DNA probe and sonicated calf thymus DNA 
(100 ng/mL of buffer). The washings (stringent) are as follows: 2 x 3 min in 2x SSC/0.1% SDS 
at room temperature, 2 x 3 min in 0.2x SSC/0.1% SDS at room temperature and 2 x 15 mm in 
0.16x SSC/0.1% SDS at 50°C After brief rocking in 2x SSC at room temperature, it is either 

detected or dried in air. 

Hybridization buffer: 
45% (v/v) formamide 
5x SSC 
5x Denhardt 

(lx Denhardt = 0.02% (w/v) BSA, PVP 360 and Ficoll 400) 
— Detection of biotinylated DNA on nitrocellulose or Immobilon filters: 
The filter is washed or moistened in TBST for 1 min and blocked for 1 h in TBST + 1% 
gelatin (Bio-Rad). It is then incubated for 20 min with a streptavidin-alkaline phosphatase 
conjugate (BluGene kit, BRL), 1 :1000 in TBST, and then washed 2x 10 min in TBST and 
2 x 5 min in AP buffer. For detection, 15 NBT (50 mg/L in 70% DMF, Sigma) and BCIP 
(25 mg/L in DMF, Sigma) in 5 mL AP buffer are added and the filter developed in it for 30 mm 
to overnight in the dark. At longer development times the color solution (always freshly 
prepared) should be changed. The color reaction is terminated by washing in water and drying of 
the filter in air. In nitrocellulose filters, the color intensity can diminish sharply. Immobilon 
filters decolor slightly on rewetting in methanol. 
TBST buffer: 10 mM Tris-HCl, pH 8.0 
150mMNaCl 
0.05% Tween 20 (Serva) 
AP buffer: 1 00 mM Tris-HCl, pH 9.5 
100 mM NaCl 
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5 mM MgCl 2 in twice distilled H 2 0 

2.8 Preparation of affinity-purified polyclonal antibodies against T4 lysozyme 
2.8.1 Immunization of rabbits with T4 lysozyme 

For the injection the protein is homogenized in 0.5 mL 2x PBS and 0.5 mL Freund's 
adjuvant by means of ultrasound (lx PBS = 100 mM NaP0 4 , P H 7.2 and 150 mM NaCl). The 
first injection with 400 ^ protein in 0.5 mL 2x PBS and 0.5 mL Freund's complke adjuvant is 
done subcutaneously into the back of the rabbit. After 3 weeks reimmunization is carried out 
(first booster dose) with 100 ug protein in 0.5 mL 2x PBS, 0.25 mL Freund's complete adjuvant 
and 0.25 mL Freund's incomplete adjuvant, also subcutaneously. The third injection (second 
booster dose) after another 2 weeks is administered into the thigh. It contains 200 jig T4 
lysozyme in 0.5 mL 2x PBS and 0.5 mL Freund's incomplete adjuvant. 1 and 2 weeks after the 
second booster dose, blood is taken and tested, 7 to 15 mL of serum being obtained from 15 to 
30 mL. The subsequent immunization scheme is as follows: after each second blood sample 
2 weeks of rest time is allowed. After each additional booster dose (200 ug protein in 0.5 mL 
2x PBS and 0.5 mL Freund's incomplete adjuvant in the thigh), one and two weeks later, blood is 
taken (30 mL each at a time) and a resting time of 2 weeks then interposed before the next 
booster dose. During each blood sampling, the blood is allowed to stand for 3 to 4 h at room 
temperature and the blood cake loosened from the wall and then incubated further at 4°C. The 
serum is transferred through a fresh tube (Falcon) and centrifuged for 15 min at 800 rpm 
(Heraeus Christ Centrifuge) and 4°C. In a fresh tube, it is centrifuged one more time for 15 mm 
at 4000 rpm and 4°C. The serum is frozen at -20°C for storage. 

2.8.2 Enrichment of IgG fraction from blood serum 

The same volume of saturated ammonium sulfate solution in lx PBS is added to the 
serum dropwise on ice during agitation (50% saturation) and further agitated for 30 min. After 
' centrifuging, the pellet is washed once with a 50% saturated ammonium sulfate solution m lx 
PBS and dissolved in the original volume of serum in lx PBS. To eliminate ammonium sulfate, 
it is dialyzed extensively versus lx PBS at 4°C. 

2.8.3 Coupling of T4 lysozyme to CNBr-activated Sepharose 4B 

0.5 g of the freeze-dried material (Pharmacia) is suspended in 1 mM HC1 and the swollen 
gel (1 7 mL gel volume) washed after 15 min with 150 mL 1 mM HC1 on a G3 glass frit. 8 mg 
T4 lysozyme are dissolved in 2.5 mL coupling buffer (0.1M NaHC0 3 , P H 8.3, 0.5M NaCl) and 
incubated with the prepared gel during slow rotation for 2 h at room temperature. The excess 
protein is washed away with the coupling buffer. The free active binding sites are saturated with 
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the blocking buffer (0.2M glycine, P H 8.0), for winch purpose it is also slowly rolled for 2 h at 
room temperature. With four washing cycles of alternating P H value with 0.1M acetate buffer, 
P H 4 0 + 0 5M NaCl, on the one hand, and coupling buffer, on the other hand, the gel is purified 
and equilibrated with 0.1M Tris-HCl, pH 8.0 + 0.5M NaCl. TTie finished gel is stored at 4°C with 
0.01% thimerosal (=■ Merthio.ate). 

2 84 Purification oflgG fraction on protein A-Sepharose CL-4B . jf. 

The IgG molecules are selected via a protein A column from the IgC fraction (see 2.12) 
enriched from the blood serum by ammomum sulfate precipitation. 1.5 g of the fr=^<i 
column materia. (Pharmacia) are suspended in the application buffer (0.1M NaPO., pH 7.2) and 
washed witi, 300 mL of the same buffer after 15 min on a G3 glass frit. The swollen matenal ,s 
filled into a coolable column and washed with the application buffer and with elution buffer 
(0 1M glycine, P H 3.0) and equilibrated with the application buffer. The probe bemg applied » 
purified by centring of the parfc.es and discharged. Nonspecific materia, is 
L application buffer, men the immunoglobulin G is separated with the elution buffer Th acd 
e,uate is immediate., neutralized with 0.1 vol 1M Tris-HCl, P H 8.5. In an Arntcon ceU „,th a 
PM30 membrane, me eluate is desalted and rebuffered on TBS (.0 mM Tns-HC 1 pt 8.0, 
150 mM NaCl). The protein concentration is determined according to Bradford (1976). 

2.8.5 Affinity purification of anti-T4 lysozyme antibodies on Sepharose 4B-coupled T4 
lysozyme ^ immtt „oglobulins G (see 2.8.4) are mcubated for 2 to 3 h at 

room temperature under slight rotation of PBS per 1 mg of the Sepharose 4B-coupled T4 
lysozyme (see 2.8.3). This suspension is poured into a Pharmacia CIO/20 column (4C) «4 
washed with TBS. A smal. fraction of nonspecifically absorbed material is eluted wrth TBS * 
m NaCl. After removal of the sal. by washing with TBS, the specifically bound IgG Mn » 
eluted wiu, 0.1M glycine, pH 2.8. The acid eluate is immediately neutralized wtth 0.1 votane of 
,M Tris-HCl, pH 8.5 and desalted in an Amicon eel, with a PM30 membrane and *W- 
PBS. The protein content is measured according to Bradford (1976) and se, at 0.5-1 mg/rnLJhe 
affinity gel is removed from the column, washed on a G3 glass tit with 10 mM HC1 (pH 2.0) 
and reequilibrated with TBS (addition: 0.01% thimerosal). 
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Figure II/l . Purification of anti-T4 lysozyme antibodies on a protein A 
Sepharose column, elution profile. First peak: nonspecifically bound m 
second peak: specifically bound IgG antibodies. 
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Figure II/2. Affinity purification of anti-T4 lysozyme antibodies on 
Sepharose-coupled T4 lysozyme, elution profile. First peak: nonspecifically 
bound material, second peak: specifically bound anti-T4 lysozyme antibodies. 

2.9 Transformation analysis of regenerated plant material 

2.9.1 Nopalinetest 

Detection of nopaline occurs according to Otten and Schilperoort (1978). 

For callus: . 

About 20 mg callus material are digested in 10 cold extraction buffer (0.1M Tns-HLl, 
pH 8 0 0 5M sucrose, 0.1% ascorbic acid, 0.1% cysteine hydrochloride) and centrifuged. 10 uL 
substrate solution (0.2M NaP0 4 , pH 6.8, 60 mM arginine, 60 mM a-ketoglutarate, 16 mM 
NADH) are added to 10 of the supernatant and incubated in the dark for 3 to 4 h. The enure 
charge is taken up on Whatman 3MM paper and separated electrophoretically (400 V, 90 mm) 
using commercial nopaline (Calbiochem) as a reference. The electrophoresis buffer is formic 
acid/acetic acid/water (5:15:80); nopaline migrates to the cathode. After drying it is stamed with 
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a 1 :l solution prepared from 0.02% phenanthrenequmone in ethanol and 10% NaOH in 60% 
ethanol and nopaline appears as a light-yellow fluorescent spot. 

For plants: , 
The amount of nopaline formed in the plant material is sufficient in order to be detected 
directly. The test is therefore simplified as follows: About 10-20 mg of leaf are cut off and 
digested in 10 uL cold extraction buffer and centrifuged. The supernatant is dire^y apphed to 
Whatman 3MM paper. The subsequent process remains the same. 

2 92 Neomycin phosphotransferase H test (NPT H test) 

Analysis occur, according to Reissetal. (1984) and Schreier et al. (1985). 
50-100 mg plant material are homogenized in 50 uL extraction buffer on ,ce. After 
centrifuging, the supernatant is applied to a native 10% polyacrylamide gel with collection ge,. 
L ge, s allowed to run a, 70 V a, 4°C. The ge, is washed 2* ,5 min in H ; 0 and a. east 30 m,n 
in reaction buffer and men coated with an agarose gel containing NPT n substrate , % agarose 
in reaction buffer, 0.,% kanamycin sulfate (Sigma) and 200 uCi y-»P-ATP>. After 30 mm 
incubation time a. room temperature, a sheet of Whatman P81 phosphocel.ulose paper, four 
layers of 3MM paper and some paper towels are placed on the agarose ,ayer and b o„ed for 
about 4 h. For reduction of the nonspecific background of transferred phosphorylated prolan 
the P8, paper is treated a. 65°C for 30 min with proteinase K and SDS. I. is men washed 4* ,0 
min with phosphate buffer at 80«C, dried under vacuum at 80°C between filter paper and the 
filter exposed to x-ray film at -70°C. 

Extraction buffer: 10% (w/v) glycerol 

5% (w/v) 2-mercaptoethanol 

0.1% (w/v) SDS 
62.5mMTris-HCl, pH 6.8 
0.025% bromophenol blue 
Reaction buffer: 67 mM Tris-maleate, pH 7.1 

42 mM MgCh 
400mMNH4Cl 

Proteinase K solution: 2 mL 10% (w/v) SDS 

18 mL proteinase K (1 mg/mL) 

Washing buffer: 10 mM NaP0 4 , pH 7.5 

Work-up of protoplasts for NPT test: 

The protoplasts are carefully centrifuged with 0.24M CaCl 2 solution, filled into an 
Eppendorf vessel and concentrated again briefly in a Heraeus Christ tabletop centrifuge, the 
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residue removed and 50 uL cold extraction buffer added on ice, well homogenized with a small 
amount of sand. Subsequent analysis occurs as described. 

2 10 DNA analysis of transformed plants by Southern blotting 
2 10 1 Isolation of genomic plant DNA (M. Wassenegger, personal communication) 
About 300-500 mg leaf are kept overnight at 4°C in 300 uL HBT buffer and 
homogenized on a mortar on ice for starch degradation. The homogenate isj&en up m 10 mL 
HBT buffer and filtered through a double layer of Miracloth (Calbiochem) in a centrifuge tube. 
The mortar and Miracloth are rinsed with an additional 5 mL HBT buffer and 15 mL HBT buffer 
is directly added to the centrifuge tube. After careful agitation, it is allowed to stand for 10 mm 
on ice so that the chloroplasts can be exposed to the effect of Triton X-100. In a Heraeus Chnst 
centrifuge, the nuclei are pelletized within 10 min at 3000 rpm. The supernatant is poured off 
the tube allowed to drain by rotation and the remaining HBT buffer wiped dry on the edge. The 
pellet is suspended in 600 uL RBS buffer and transferred to an Eppendorf vessel. 50 uL of a 
proteinase K solution (10 mg/mL in RB buffer) is added and incubated for 4 h at 37°C. This is 
shaken once carefully with 600 uL phenol then again with 600 uL phenol/chloroform/isoamyl 
alcohol (25-24- 1) The supernatant is mixed with 0.1 vol of 3M NaAc, pH 5.0 and 2 vol warm 
ethanol and mixed until the polysaccharide precipitate has dissolved again and a DNA filament is 
visible. After 10 min of centrifuging, the pellet is washed once with warm 70% ethanol and air 
dried, then the DNA is dissolved overnight at 4°C in 80 uL TE buffer. 

' The concentration is determined by means of A 260 with a 5-uL aliquot (A 26 o - 
1 -50 ug/mL). The genomic plant DNA is stored at 4°C. 10 ug of DNA are digested in a total 
volume of 400 uL overnight at 37°C with 100 units of restriction enzyme with the addition of 
RNase, extracted once with phenol/chloroform/isoamyl alcohol (25:24:1) and precipitated with 
NaAc and ethanol. The pellet is dissolved in 20 uL of water. 
HBT buffer: 0.3M sucrose 

5 mM MgCl 2 
50 mM Tris-HCl, pH 8.0 
1% Triton X-100 
RB buffer: 30 mM Tris-HCl, pH 8.0 

lOmMEDTA 
RBS buffer: 30 mM Tris-HCl, pH 8.0 

lOmMEDTA 
1% sarcosyl 

2.10.2 Hybridization of filter-bound genomic plant DNA with radioactively labeled probes 
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The DNA digested with restriction enzyme is transferred by Southern blotting to a 
nitrocellulose filter as described under 2.7.4. 

- Radioactive labeling of DNA fragments by oligolabeling (Feinberg and Vogelstein, 

1983/1984) (see 3.4) 

The probe is labeled by oligolabeling with 50 uCi a- 32 P-dCTP. For this purpose, 25 ng 
DNA are denatured for 10 min at 95°C and cooled on ice. 1 uL of each of the dATP, dGTP and 
dTTP solutions is added (0.5 mM), along with thetx- 32 P-dCTP, 2 |*L reaction impure and 1 uL 
Klenow enzyme (Boehringer Random Primed DNA Labeling Kit) and allowed toreact in a total 
volume of 20 uL for 1 h at 37°C. The reaction is stopped by 5 min of heating at 95°C. 

- Hybridization with radioactively labeled probes: 

The nitrocellulose filter is moistened in water and prehybridized for 2 h at 42°C in 
hybridization buffer (5 mL/100 cm 2 filter) with heat-denatured (10 min 95°C) sonicated calf 
thymus DNA (300 >ig/mL of buffer). It is hybridized overnight in fresh hybridization buffer 
(2 mL/100 cm 2 filter with jointly heat denatured (10 min) DNA probe and sonicated calf thymus 
DNA (100 ng/mL of buffer). The filter is washed 3x 30 min in 3x SSC/0.5% SDS at 68°C, 
rinsed at 3x SSC at room temperature and air-dried. Exposure occurs overnight up to a few days. 

Hybridization buffer: 

50% (w/v) formamide 

5x SSC 

5x Denhardt 

(lx Denhardt = 0.02% (w/v) BSA, PVP 360 and Ficoll 400) 

2.11 RNA analysis of transformed plants by Northern blotting 
2 11.1 Isolation of total PNA from plants (Logemann et al, 1987) 

About 250 mg of leaf are homogenized in 200 uL Z6 buffer with sand and frozen in 
liquid nitrogen. They are then homogenized again and briefly agitated after addition of an 
"additional 200 uL Z6 buffer. After centrifuging the supernatant is removed and the pellet 
reextracted with 200 uL of Z6. The combined supernatants are extracted with 1 vol 
phenol/chloroform/isoamyl alcohol (25:24:1) and the RNA selectively precipitated with 0.7 vol 
ethanol and 0.5 vol 1M acetic acid. For this purpose, it is allowed to stand at -20°C overnight. 
The RNA pellet is washed once with cold 3M NaAc, pH 5.0 and once with cold 70% ethanol. 
The liquid is carefully removed and the RNA taken up in 100 uL H 2 0. If the RNA is not fully 
dissolved at room temperature, it is briefly heated to 56°C. With a 5-uL aliquot, the 
concentration is determined via A 260 (A 2W = 1:40 ug/mL). The RNA solution is stored at -20°C. 

Z6 buffer: 

8M guanidine hydrochloride, pH 7.0 
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20 mM MES 

20 mM EDTA 

50 mM 2-mercaptoethanol 



2.11.2 RNA formaldehyde agarose gels 

50 ug total RNA are precipitated from the optically measured solution (see 2.1 1 .1) with 
0.1 vol 3M NaAc, pH 5.0 and 2 vol ethanol, centrifuged and the liquid welli&ioved. The pellet 
is briefly dissolved in 20 pX H 2 0 at 56°C, denatured with 20 uL formamide, 6 uL 
37% formaldehyde and 4 pX lOx MEN buffer 15 min at 56°C. 5 uL blue marker are then added 
to the coating for this purpose. For a formaldehyde-agarose gel, 6 g agarose are dissolved in 
300 mL H 2 0 and cooled to 60°C. After addition of 65 mL 37% formaldehyde and 40 mL 
10x MEN buffer a bridge gel is cast and cooled at 4°C. After heating to room temperature, the 
probes are loaded and the buffer reservoir filled with Ix MEN buffer. The gel runs 30 mA 
(120 V) for about 4 to 5 h. When the probes are run, the coating wells are filled with lx MEN 
buffer and the gel surface covered air bubble-free with preserving film. After each hour the 
contents of the two buffer reservoirs are mixed in order to prevent formation of a pH gradient. 
The gel can be stained in 500 mL 50 mM NaOH with 200 p.L ethidium bromide (10 mg/mL) for 
30 min at room temperature. It is decolored by repeated washing in 10 mM phosphate buffer, pH 
7.0 after 4 to 5 h and the RNA is visible under UV light. 

1 Ox MEN buffer: 

10 mM MOPS, pH7.0 

50 mM NaAc 

10 mM EDTA 

2 113 Hybridization of filter-bound RNA with radioactively labeled probes 

RNA-formaldehyde gels are blotted without any additional pretreatment. Transfer to the 
nitrocellulose or Immobilon membrane occurs as described for the Southern blots (see 2.7.4). 
After completed transfer, the filter is air-dried without washing (5 min) and baked in a vacuum 
furnace for 2 h or fixed for 4 min on a transilluminator. Hybridization occurs under the same 
conditions as for the Southern blot (see 2. 10.2). 

2 114 Isolation of total RNA from protoplasts 

For isolation of RNA from protoplasts, these are resuspended after mild centrifuging in 
200 uL Z6 buffer and frozen in liquid nitrogen. After thawing on ice, RNA isolation begins as 
described under 2.11.1 with homogenization. 
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2.12 Protein analysis of transformed plants 
2 12 1 Tissue printing (Cassab and Vamer, 1987) 

The rapid method serves to perform immunodetection with plant tissue directly without 
producing an extract. For this purpose, nitrocellulose is placed for 30 min in 0.2M CaCl 2 and 
then dried on paper. Immobilon PVDF (Millipore) is wetted in methanol and substituted in 
TBST The tissue is cut and placed with the cut surface on the prepared membrane and 
additionally pressed against the filter for 30 sec. It is then dried with hot air (iniiWllulose) 
and detection begins as described in Western blotting in 2.12.10. In this method, which uses one 
spot from the total protein as the probe, it can be particularly important to initially incubate the 
employed antibody with wild type total protein extract in order to avoid cross reaction. 

2 12 2 Isolation of total protein from plants 

For probe preparation for direct coating on a denaturing SDS-PAA gel, the plant tissue is 
cut and mixed with 10 uL cold 2x SDS probe buffer/10-30 mg and homogenized while cold. The 
cell fragments are centrifuged, the volume made up with H 2 0 to lx SDS probe buffer 
concentration (total 20 jiL) and the supernatant heated for denaturation of the proteins before 
coating for 5 min at 95°C. It is then centrifuged one more time. If protein determination is to be 
conducted (Bradford, 1976) a PBS extract (0.1M NaP0 4 , pH 7.2, 150 mM NaCl) must first be 
prepared in the same manner, since the SDS and DTT fractions interfere with these 
measurements in the SDS probe buffer. It is then made up with 2x SDS probe buffer. To inhibit 
" proteases, a combination of protease inhibitors must be added in this case (200 urn PMSF, 1 uM 
leupeptin, 1 u-M pepstatin, 100 \M EDTA). 

lx SDS probe buffer: 

75 mM Tris-HCl, pH 6.8 

1% SDS 

10% glycerol 

0.002% bromophenol blue 
100 mM DTT 

2.12.3 Isolation of total protein from protoplasts _ 

After isolation of protoplasts from the culture medium, these are frozen m 10 \xL 2x MJi> 
probe buffer in liquid nitrogen. After thawing on ice, the protoplasts are homogenized wim a 
small amount of sand, centrifuged and the supernatant adjusted to lx SDS probe buffer. Before 
application to the polyacrylamide gel, it is denatured for 5 min at 95°C. 



2.12.4 Isolation of protein from protoplast culture medium 
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The protoplasts are centrifuged with the smallest possible volume of 0.24M CaCl 2 
solution and the supernatant collected. These are introduced in 2-mL aliquots to the Centricon 10 
units (Amicon) and centrifuged at 4500 G and 10°C for about 2 h until a residual volume of 
about 50 uL is reached. The combined concentrates of the aliquots enriched by ultrafiltration are 
rebuffered in the same manner once without 1 .5-2 mL PBS buffer. The concentrate is collected 
in 2 min at 900 G and concentrated to about 10 uL in the Speed-vac. After addition of 10 uL 2x 
SDS probe buffer and heat denaturation (5 mm 95°C), the probe is applied wJanSDS-PAA gel. 

2.12.5 (NH4) 2 S0 4 precipitation ofT41ysozyme plant extract 

2 g of leaves of a transformed plant are homogenized in a mortar in 2 mL PBS 
(0 1M NaP0 4 pH 7.2, 150 mM NaCl) with protease inhibitor (PI) (200 pM PMSF, 

1 uM leupeptin, 1 uM pepstatin, 100 uM EDTA) and this washed with 8 mL PBS with Pis. After 
centrifuging, the pellet is washed with 3 mL PBS with Pis and an (NH^SCu precipitation ts 
carried out The 20-40% saturated fractions are collected. For this purpose, 250 pL of saturated 
ammonium sulfate solution in PBS/1 mL of extract are added on ice during agitation (20%. 
saturation) dropwise and further agitated for 30 min for equilibration. After centnfugmg of the 
pellet an additional 416 uL of saturated solution/mL of extract are added dropwise to the 
supernatant (40% saturation). The precipitated proteins are collected by centrifugmg and the 
pellet washed with 40% saturated (NH^SC, solution in PBS. This protein fraction is dissolved 
in 2 mL PBS and extensively dialyzed versus PBS at 4°C. 

2 12 6 Coupling of polyclonal anti-T4 lysozyme antibodies to CNBr-activated Sepharose 4B 

As described under 2.8.3, 200 ug of the affinity-purified (see 2.8.5) polyclonal anti-T4 
lysozyme antibody is coupled to 0.4 g of the activated Sepharose. The finished material is 
suspended in a final volume of 3.5 mL, 50 uL of which is sufficient for up to 500 mg of leaf 
material. 

2 12 7 Affinity purification of exogenous proteins from plant extract 

The plant material is homogenized in a mortar during cooling with liquid nitrogen. The 
homogenate is filled into a Corex tube and the extraction buffer and PVPP added. 50 mg PVPP 
and 1 mL of lx PBS with protease inhibitors (Pis) (200 pM PMSF, 1 »M leupeptin, 1 uM 
pepstatin 100 uM EDTA) are added per gram of tissue. As protection against oxidizing 
substances in the plant extract, 5 mM ascorbic acid is additionally introduced. In order to 
solubilize all the proteins present, i.e., even those enclosed by membranes, a detergent must be 
added 1% Triton X-100 or preferably 10 mM CHAPS is suitable for this. After 15 mm of 
extraction, the cell fragments are centrifuged at 10,000 rpm at 4°C. When a detergent is used, the 
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extraction solution for affinity chromatography must be diluted to about 0. 1% or 2 mM 
detergent. The supernatant is rolled on a Denley roller at 4°C to precipitate supersaturated 
oligosaccharides from 30 to 60 min and then centrifuged one more time at 4000 rpm and 4 C. 
The total amount of protein is equalized by a Bradford protein determination. The total protein 
solution is mixed with the affinity gel and incubated overnight at 4°C with slight rolling. The 
affinity gel is centrifuged at 4000 rpm and 4°C, the supernatant is discarded andjie gel 
transferred with a small amount of buffer to an Ep*endorf vessel. In this vessels washed cold 
once with I mL lx PBS with Pis, once with 1 mL lx PBS/1M NaCl + Pis and 3x with 1 mL lx 
PBS + Pis and the bound specific protein eluted with 0.1M glycine, pH 2.8 or for NP Sepharose 
with 10-M NTP-cap (3x 200 uL). The acid eluate is immediately neutralized with 0.1 vol IM 
Tris-HCl P H 8 0. The eluate is introduced to the Centricon 10 unit (Amicon) and concentrated 
by ultrafiltration and then desalted with H 2 0 and concentrated to about 50-75 uL. The volume of 
the probe is further reduced to about 10 uL in the Speed-vac. For this purpose, the same amount 
of 2x SDS probe buffer is added and the probe applied to a Western gel. 

2.12.8 Western blotting - nQ 
The prepared denied probes are separated on a denaturing 10-15% drscontmuous SDS 
polyacrylamide gel (system according to Laemmli, 1970). A minigel apparatus (8 x 8 em) . 
used and the gels are run under standardized conditions: 

' For lysozyme analyses: 15% gel with 20 mA/max 200 V, 90 mm 
For antibody analyses: 

Light chain: 15% gel with 20 mA/max 200 V, 120 min 
Heavychain: 10% gel with 20 mA/max 200 V, 70 min 
The principles of Western blotting are described in Towbin (1979) and Bumette (1981). 
A review is offered by Gershoni and Palade (1983). 

A new development of Western blotting, so-called semidry blotting, .s used here 
(Kyhse-Andersen, 1984). An in-house apparatus is used, consisting of two carbon e strode 
Us mounted on a plastic support. Introduction occurs preeoo.ed in a cool room a, CAfler 
me run, the polyacrylamide gel is equilibrated for 30 min at room temperatare >n the blotUng 
buffer The blot is constated as follows: the lower electrode is the cathode, three layers of , 
Whatman 3 MM paper, which are immersed in the blotting buffer are placed on .. cut o to 
correct gel size and then the gel is positioned free of air bubbles and then a mtrocelhdose filter 

^cher * SchueH BA 85, 0,5 urn, m gel size or a hydrophilic hnmobilon PVD membrane 
(0.45 urn, Millipore) and another toe. immersed 3 MM papers. The seal ,s formed by ft. anode 
plate. The entire structure must be free of air bubbles in order to achieve * 
order to achieve uniform contact of me electrode plates, a weigh, should be placed on the center 
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of the blot structure. Electrode transfer occurs in 25 min at 200 mA. Slight heating is found in 
this period. The efficiency of transfer, however, can be checked by Coomassie or silver staining 
of the gel. A nitrocellulose filter or the Immobilon membrane is stained with Ponceau S (Serva) 
and the size standard marked. It is largely decolored with water. The nonspecific binding sites 
are blocked for immunodetection for 1 h with TBST buffer + 1% gelatin (Bio-Rad) at room 
temperature. The filter is washed briefly in TBST and then incubated with th^specific first 
antibody in appropriate dilution in TBST for 2 h to overnight. After 10 min^washing three 
times in TBST, it is incubated for 45 min with biotinylated second antibody at ttie appropriate 
dilution in TBST. It is again washed for 3x 10 min with TBST. It is then incubated for 20 min 
with a streptavidin-alkaline phosphatase conjugate (BRL, from the BluGene Kit), washed for 2x 
10 min in TBST and 2x 5 min in AP buffer. For detections, 15 uL NBT (50 mg/mL in 70% 
DMF, Sigma) and BCIP (25 mg/mL in DMF, Sigma) in 5 mL AP buffer are added and the filter 
developed in it for 5 min to 2 h in the dark. In special cases, it is also worthwhile to continue to 
develop overnight which, however, results in a stronger background. The color solution should 
always be used fresh. The reaction is terminated by brief washing in water and drying in air. 
Storage is done in the dark. The original sensitivity can be restored in the nitrocellulose filter by 
moistening. The Immobilon membrane can be partially decolored by wetting in methanol. 

In order to reduce nonspecific interactions of the employed first and second antibodies, 
washing can first be carried out once with PBS/1M NaCl and then three times with PBS. The 
incubations can also be carried out with 0.1% Triton X-100, 0.1% Tween 20 and 0.3% gelatin. 
Blotting buffer: 
20mMTris-HCl 
150 raM glycine 
10% (w/v) methanol 



TBST buffer: 
10mMTris-HCl,pH8.0 

150 mM NaCl 

0.05% Tween 20 (Serva) 



AP buffer: 

100mMTris-HCl,pH9.5 
100 mM NaCl 
5 mM MgCh 

2.12.9 Employed antibodies for immunodetection 
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First antibody: 
Anti-T4 lysozyrae 
Anti-light chain 
Anti-IgM (heavy chain) 
AF6 (anti-IgM) 
Ac38(anti-Bl-8) 
Ac 164 (anti-Bl-8) 
LS 136 (anti-a) 
Reference for Ac 38, Ac 



1 : 1 000 (rabbit/polyclonal) 
1 : 1000 (goat/polyclonal) 
1 : 1000 (goat/polyclonal) 
1 : 1000 (mouse/monoclonal) 
1 : 1 000 (mouse/monoclonal) 
1 : 1000 (mouse/monoclonal) 
1:1000 (mouse/monoclonal) 
Lsl36: Reth(1981). 



Second antibody: 

Anti-rabbit IgG, biotinylated 1 :2000 (goat) (Bio-Makor) 

Anti-goat IgG, biotinylated 1 :2000 (rabbit) (Sigma) 

Anti-mouse IgG, biotinylated 1 :2000 (goat) (Sigma) 

2 12 10 Silver staining of protein polyacrylamide gels 

After the run the gel is fixed for 20 to 30 min in 10% acetic acid and 25% propanol. 
After treatment with 10% glutaraldehyde (20-30 min) it is washed during changing with water. 
This is followed by incubation with 0.03 mM DTT for 20 to 30 min and staining with 0.1% 
silver nitrate also from 20 to 30 min. The bands are made visible in about 5 min with the 
development solution (30 g NaC0 3 and 500 uL 37% formaldehyde per liter). The reaction is 
stopped with 10% acetic acid/25% propanol. If the gel is to be dried, 1% glycerol is added m the 
last washing step. 

2 12 1 1 T4 lysozyme activity test with Micrococcus lysodeicticus 

(modified according to Selsted and Martinez, 1980, see also McKenzie and White, 1986) 
A fresh suspension in phosphate buffer (pH 7.2-7.2) is produced from lyophihzed 
Micrococcus lysodeicticus so that an A^o value of 0.6 is obtained at 1 :10 dilution. 0.1 mL of the 
cell suspension and up to 0. 1 mL of the probe being analyzed are combined for the reaction 
adjusted to 0.1% NaN 3 , 200 uM PMSF, 1 uM leupeptin, 1 fiM pepstatin, 100 uM EDTA and 
1 mg/mL BSA and made up to 1 mL with phosphate buffer (pH 7.2-7.4). This mixture is 
incubated for 1 8 h at 37°C during slow rolling. A control is run without the probe liquid. A«o » 
then measured and the "averaged" reduction of the absorption is plotted versus the logarithm of 
lysozyme concentrations and compared with the control value. A linear region with significant 
reduction of absorption begins in the measured standard affinity curve in concentrations from 
about 100 ng/mL upward. 
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2.13 Immunogo Id labeling 

2 13 1 High pressure freezing preparation 

Native tissue without chemical pretreatment is used for the preparation of plant material. 
The biologically appropriately prepared material is cut to fit and then shock-frozen ultrafast in 
liquid nitrogen on a Balzers HPM 010 (kindly furnished by H. Moor, Zurid* Copper plates or 
preferrably gold plates cured in hydrogen peroxide can be used as preparaujjfholders. 

Storage of the samples occurs in liquid nitrogen. 

2 13.2 Freezing substitution 

Freezing substitution in 0.5% uranyl acetate in anhydrous acetone in the following steps: 
-90°C (8 h) -60°C (overnight), -35°C (5 h). All the following steps are conducted at -35°C: two 
times 1 h of rinsing with acetone and then first infiltration with Lowicryl HM 20 1:1 mixed with 
acetone for 4 h, then Lowicryl HM 20/acetone 2:1 overnight; then pure Lowicryl HM 20 over the 
day time with two-fold changing and again overnight, on the next day the infiltration is 
concluded one more time for 5 h with fresh Lowicryl HM 20, the samples are filled into 
polymerization capsules (Beem capsules) and the capsules filled with fresh Lowicryl HM 20. 
Polymerization of the synthetic resin occurs overnight in indirect UV light (360 nm) and then for 
another 8 h with direct UV exposure in each case at -35°C. The cured samples are brought to 
room temperature. 

2.13.3 Ultramicrotomy 

Silver sections (about 60 nm) are prepared on an ultracut microtome from the Reichert 
Co. by means of a diamond blade. These are trapped on pioloform-filmed and carbon-sputtered 
nickel grids (100 mesh). 

2 13.4 Immunocytochemistry . 

The sections are initially moistened in PBS (0.1M, pH 7.2) for 5 min. For saturation of 
nonspecific binding sites both in plant tissue and in the film coating of the grid, they are 
incubated in alternation twice with 0.02M lysine in PBS and with 0.1% gelatin in PBS first for 
10 min then 5 min. This is followed by further blocking for 10 min in PBS with 1% BSA, 0.1 /„ 
Triton X-100 and 0.1% Tween 20 (incubation buffer). The reaction with the firstantibody 
(50-100 ug/mL) in incubation buffer occurs over 2 to 3 h at room temperature. It is then washed 
for 5 min in incubation buffer and 25 min in PBS with 0.5% Tween 20. The first antibodies are 
described under 2. 12.9. Incubation with a second antibody (biotinylated) occurs in the same 
manner As reagent absorbed on colloidal gold for direct reaction with the first antibody, protein 
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A (Janssen/Auroprobe EM protein A/G 10) for polyclonal antibodies, anti-mouse IgG from goafc 
( ,ansse„/Auroprobe EM goat anti-mouse IgG/G 10) for monc*lonal antibodies orsttep.av.dm 
(Janssen/Auroprobe EM streptavidin/G 10) for bio.inyla.ed antibodies are used. The 
immunogold reagen. is dilu.ed 1 : 1 0 in .he incubation buffer and applied for 1 h a. room 
temperature. It is then rinsed for ,5 min m PBS wim 0.5% Tween 20 and 1 5 mm m a*, 
distilled water and the preparation dried. All employed antibodies are preincub^ before 
addition of the preparation for 10 min wim a W38 wild type PBS extract w,«h arftuon of 
protease inhibitors (see 2.12.8) in order to saturate the nonspecific binding srtes. 

Analysis occurs on an EM 10 (Zeiss) at 60 keV on unconttasted probes and post- 
contrasted preparations. For contrasting, incubation is carried ou, for 15 min in 8% urany. aceta,e 
and for 1 5 min in lead nitrate according to Reynolds (1963). 

TIT Results 

3 , Action of aT.promoter-NOS promoter vec.or wim chimeric genes for a-amylas. 
signal peptide and light chain or heavy chain of the antibody 

tI final se.ection-expression vector for production and secretion of a monoclona 
antibody in plan, was assembled in several s.eps from different component. In tile 
signal peptide gene of a-amy.ase from barley was subcloned (Rogers and Mi.liman, !983) from 
the clone E (oMained from J. C. Rogers) (see Figure m/3) 

Clone E contains an a-amylase (cDNA) of me Ps. I cleavage site of pBR 322. The coding 
region begins in an Nco I cleavage site that contains an ATG codon so ma, during me entire 

processing si.e and thus .he beginning of the mature protein lie after ammo acd 23 (senne) of 
"peptide. TTiere is no sui.abl. cleavage si.e here wim which me seouence could be cu. 
after the serine codon. An adjacent Bgl 1 cleavage site is used. 



^Tronslotlonsttcrt 



(?\ Prottssierung*- 

I UI13BIW » 

I 



Figure III/l: Structure 
Milliman, 1983). 



of a-amylase signal peptide-coding gene in clone E (Rogers and 



Key: 1 Translation start 
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Key: 1 Nco I/Hind III 

2 Isolate large fragment 

3 Ligate 



r AGCTTAAAAAAAAAAC * * CATGGGGA.. 

ATTTTTTTTTTGGTAC CCCT. 



CHtadOD «e.D CNcoD 



Figure HI/3: Structure of synthetic Hind HI linker oligonucleotide and the 5' region of the 
a-amylase signal peptide gene. 

Initially the Pst I-cDNA clone was cut out from pBR 322 and cloned into the Pst I 
cleavage site in the polylinker of the pUC 9 (pSR 1-1) so that a Hind m cleavage sUe hes 
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directly adjacent 5' to the Ps< I cleavage site (see Figure ffl/2). Since all constructs should be 
Coned onginally in a Had EI cleavage site of a cassette, this was hgated to the Nco I cleavage 
site as a 5' end by a synthetic oligonucleotide (synthesis and purification, see 2.7.3 . 

The Hind III and Nco I cleavage sites were bound by an oligo-dA/dT strand m order to 
increase the binding capacity of the proteins to the DNA doub!e sfrand. It is ^ TlT 
regions readtly melt and in so doing pern* binding of proteins (Salomon et al., 19.86 Josh,, 
1987) and this facilitates Ore function of ft. 40S ribosoma. subuni, for trar,la«^..aUo„ 
(Heideclcer and Messing, .986; Koz* ,986). The plasmid pSR 1-1 was 
and Ps. 1, the large fragment isolated and the synthetic oligonudeottde hga ed _m frSR Wn 
Uns form the signal peptide gene is readily isolatab.e and for mis purpose S fte Hind m and 
te BgU cleavag^ sitjare used (see Figure III/l). The missing nuCeotides must be replaced by 

for the light chain was excised from the vector plasmid pLOV 2385 Lc (Steiger 7) by 

combined Xho IVHha I digestion and mus ..gated into the Ban, HI cleavage 

fta, .he V end came .o lie in me Te,* gene (pSR .-10). The piasnud was che *ed b^Souft™ 

hybridization wift me gene for me ligh. chain, in addition to resection niapn* The 3 end 

legenefor,he.igh.chai„and tt eTe.'wereexci S edw,mF^IIand P SR142formedby 

which .he signal P ep.ide gene can be ,iga.ed. By res.ric.ion ^°™\^ ( ™ 
fraemen. is isolated from plasm,d pSR 1 -2, which contains the s,gnal peptide gene (see 
Figure UI/5). Of the four Bgl I cleavage sites originally contained inpSR 1-2, only two therefore 
A remain. This fragment is shortened to , .45 k b by digestion with Bgl I. A synU, tic 
ohgonucleotide was ligated to H, which contains the 3' par. (me nussmg nucleoti^of *e signa, 
peptide and me f,rs. nucleotide of m. S end of the gene for me hgh, chau, (see F,gure M6). 
After digestion with Hind III, in addition a small fragment (86 bp) which represents the sigrcd 

' peS - additiona, large fragmen, (1.35 tt , is oMained. This 
n Ban, Hi/Hind ,I.-opened pSR .-,2. The Cone ma. con.ains me correc. (sma.1) fragn- w* 
.he signa! peptide gene can be easily identified with reference .o me s,ze difference and by Nco I 
the signal pepnoe g chimeric gene is 

digestion of DNA minipreparatjons (pSR 1-3). From pSR 3 the D p 

isolated wifl, par. of the plasmid by digestion wid, Ava n and Pvu I and hgated wrm U, 3 p art 
so a.ed w,U, p F ^ n ^ ^ m> m whlch _ due t0 me 

sola.edftompLCl-4(S>tteger,i«i,oyui 6 n,, j;„«tioT, wim 

present restriction cleavage sites, only the correct arrangement can form. By Agestion w* 
S the complete chimeric gene is liberated and ligated in the Hind m cleavage »,« ,o P UC 
,S -H). Th. terminal cleavage sites are convertedby ligation of a Sa, I linker .o MI 
2 ag ^ (pSR 1-16). in the las, step, the chimeric signal peptide-ligh. cham-gene .sola.ed 
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with Sal I is ligated in the correct orientation in the Sal I cleavage site of the vector plasmid 
pAP 2034 (Velten and Schell, 1986) (pSR 1 -4). This selection-expression vector contains the 
agrobacteria-T R double promoter (Velten et al., 1984). The cassette on the 1' side contains 
singular Sal I and Bam HI cloning sites and the polyadenylation signal of gene 7 of the T-DNA 
( g 7pA). The NPT II gene of Tn5 is incorporated as a selection (kanamycin and G 418 resistance) 
and marker gene for plants iri the 2' position of the promoter, provided with Jhe polyadenylation 
signal of octopine synthase gene (ocs pA). Polyadenylation is a process in eularyote cells that 
stabilizes the mRNA in cytoplasm and favors translation of mRNA on ribosorhes (Wickens and 
Stephenson, 1984; Bimstiel et al., 1985). In addition, the plasmid pAP 2034 contains the 
antibiotic resistances against carbenicillin and streptomycin/spectinomycin, which are necessary 
for selection of transconjugants between E. coli and A. tumefaciens. Different restriction 
digestions for control of plasmid pSR 1-4 are shown in Figure HI/7. 
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Figure IQ/4: Construction 
of the T R promoter. 



of a chimeric a-amylase signal peptide-light chain gene under control 



Key: 1 Self-ligation 

2 Ligate 

3 Gene for light chain of the antibody 

4 Ligate Sal I linker 
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Figure III/5: Isolation of the signal peptide gene. 



Key: 1 Isolate fragment 

2 Ligation of synthetic oligonucleotide 



3* tggcgtcc|g r 
ccaaccgcagg|cctag 

CBgl D CBam HD 



Figure ID/6: Synthetic oligonucleotide for joining of the signal peptide and light chain gene. 
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Figure III/7: Checking of plasmid pSR 1-4 by restriction mapping. 
The plasmid DNA was digested with the mentioned enzymes and separated on 
a 0 7% TBE-agarose gel. X-DNA digested with Pst I serves as length standard. 
Fragment sizes: Sal I: 8.6/0.9 kb, Pst I: 5.4/1.63/1.55/0.97 kb, Nco I: 8.4/1.1 kb, 
Hind ni + Bam HI: 6.37/2.38/0.8 kb, Eco RI + Hind III: 6.15/3.4 kb. 



3* tggcgtcc|caggtccaactgca r 
ccaaccgcagg|gtccaggttg 

CBgl D D 



Figure m/8: Synthetic oligonucleotide for joining of the signal peptide in heavy chain gene. 

Parallel with construction of the chimeric light chain gene, a similar signal peptide-heavy 
chain gene fusion is constructed (Figure ffl/9). For this purpose, the signal peptide gene is first 
isolated as described (see Figure III/5) from the plasmid pSR 1-2 and ligated similarly with a 
suitable synthetic oligonucleotide that contains the missing nucleotide of the signal peptide gene 
and the first nucleotide of the 5' part of the gene of the heavy chain up to the Pst I cleavage site 
(see Figure m/8). The signal peptide gene is then flanked 5' by a Hind III and 3' by a Pst I 
cleavage sit. This fragment is cloned into the plasmid pHC 1-3 (Stieger, 1987) opened with Pst 
and Hind HI, which contains the 5' part of the gene for the heavy chain and in so domg fusion 
occurs between the two genes (pSR 3-1). The 3' end of the heavy chain gene is excised from 
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plasmid P HC 3-19 (Stieger, 1987) with Bam HI and Hind ID, ligated with the 5' part of the 
fusion gene (Hind III/Bam HI fragment from P SR 3-1) and then cloned into the P UC 9 plasmid 
opened with Hind III (pSR 3-10). This plasmid contains the complete chimeric gene flanked by 
Hind III cleavage sites. After its isolation, a similar pUC 9 derivative with the Sal I-flanked 
chimeric gene is produced by fill-in and ligation of a Sal I linker (pSR 3-12^* closure, an 
expression vector must be constructed that contains the two chimeric genes under the control of 
regulation units active in plants in order to be able to simultaneously transfer both genes (see 
Figure ffl/1 1) As the only selectable marker at the time of construction, the neomycin 
phosphotransferase II gene with kanamycin or G 418 resistance of the transformed plants was 
useful It was therefore only possible to select for the transformation with a plasmid or a T-DNA. 
For expression of both chains of the antibody, these genes therefore had to be incorporated m the 
same plasmid under two different promoters in order to obtain a stable arrangement. 

For this purpose, the plasmid pSR 1-4 is chosen as the starting material (with the 
chimeric gene for the light chain) and cloned into the singular Eco RI cleavage site in addition to 
the g 7 P A region of the chimeric gene for the heavy chain. Initially, a fragment that contains the 
NOS promoter (Depicker et al., 1982, Bevan et al., 1983, Sanders et al., 1987) is isolated with 
Eco RI and Hind III from the plasmid pLGV 2385 Bgl -> Hind (M. Stieger, personal 
communication), in which the Bgl II cloning site was converted into a singular Hind III cloning 
she (with elimination of an originally present Hind III cleavage site). The 5' part o the : chimeric 
signal peptide-heavy chain gene is excised from the plasmid pSR 3-1 with Hind III and Bam HI 
and the two fragments subcloned in pUC 9 opened with Eco RI and Bam HI (pSR 4 -1). From 
this the promoter gene fragment can be excised again with Eco RI and Bam HI and ligated 
together with the Bam Hi-Sal 1-3' part of the coding region in P UC 9 opened with Eco RI and Sal 
I (pSR 4-2) The 3' fragment is excised beforehand from the plasmid pSR 3-12 with Bam HI and 
Sal I With the same strategy, for completion of gene construction and the expression vector the 
g 7 P A fragment (Sal I-Eco RI) from pAP 2034 is ligated to the 3' end of the chimenc heavy cham 
gene and the entire expression unit cloned into the singular Eco RI cleavage site of plasrmd P SR 

1- 4 in an orientation so that the NOS promoter comes to lie adjacent to an already present gTpA 
signal and the two homologous regions that are roughly 300 bp long are separated by a roughly 

2- kb nonhomologous sequence. 

The finished selection-expression vector for the genes for the light and heavy chains of 
the monoclonal Bl-8-IgM antibody (pSR 4-3) contains the NPT D gene (with ocs pA) under «he 
contro. of the T„ doub.e promoter for selection and the chimeric gene for the s,gna. pep. de-ught 
chain fusion (with g 7pA), under the control of the NOS promoter and the g 7pA reg.cn of the 
chimeric gene for the signal peplide-heavy chain fusion and toe carbenicilbn as well as 
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treptomycin/streptinomycin resistance gene. The entire plasmid has a size of 1 1 .8 kb and 
decking occurs by numerous restriction digestions (Figure ffl/12). 
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HI/9. Construction of a chimeric a-amylase signal peptide heavy chain gene. 



Key: 1 
2 



Ligate 

Ligate Sal I linker 



Figure HI/10. Checking of plasmid pSR 3-12 by restriction mapping. 

The plasmid DNA was digested with the mentioned enzymes and separated on 

a 0.7% TBE-agarose gel. X.-DNA digested with Pst I serves as length standard. 

Fragment sizes: Sal I: 2.7/1.7 kb, Pst I + Eco RI: 2.7/1.5/0.1/0.1 kb, 

Bam HI: 3.5/0.8 kb. 




- SMI HI — ^ 
ItgUrM U-*\l/ 
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Jigure HI/1 1. Construction of a selection-expression vector for the chimeric 
a-amylase signal peptide-light chain or heavy chain gene under control of 
T R or NOS promoter. 



Key: 1 Ligate 

2 Ligate with 

3 Fragment from 
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Figure 111/12. Checking of plasmid pSR 4-3 by restriction mapping. 

The plasmid DNA was digested with the stated enzymes and separated on a 

0 7% TBE-agarose gel. X-DNA digested with Pst I serves as length standard. 

Fragment sizes: Eco RI: 9.5/2.3 kb, Sal I: 8.6/2.3/0.9 kb, Pst I: 5.4/1.63/1.45/1.45/1.16/ 

0.64 kb, Bam HI: 8.7/1.53/0.83/0.78 kb, Hind III: 8.1/3.75 kb, Eco RI + Bam HI: 

8.5/1.29/0.83/0.78/0.22/0.22 kb, Eco RI + Hind IU: 6.15/3.4/1.96/0.33 kb, 

Bam HI + Hind III: 6.37/2.37/0.96/0.83/0.78/0.55 kb. 

3.2 Construction of the T R promoter vector with the chimeric gene for a-amylase signal 

peptide and T4 lysozyme 

The chimeric signal peptide-T4 lysozyme gene is incorporated in the free 1' position of 
the Tr double promoter in the vector pAP 2034 (Velten and Schell, 1986). As described in 
Figure HI/5, the signal peptide gene, during ligation of the synthetic oligonucleotide shown m 
Figure HI/13 that includes the last nucleotide of the signal peptide gene and a larger fraction of 
the beginning of the T4 lysozyme gene, is isolated. The oligonucleotide is provided on the 3' end 
with a Bam HI cleavage site as a cloning aid and in addition it contains an Sna BI cleavage site 
for ligation to the Sna BI cleavage site contained in the gene. This oligonucleotide is ligated into 
the pUC 9 plasmid cleaved with Hind III and Bam HI (pSR 2-1) and prepared by Sna BI and Eco 
RI treatment of the recombinant plasmid for take-up of the T4 lysozyme gene (see Figure m/14). 

The originally prescribed strategy of direct cloning of the entire T4 lysozyme gene that 
has a 3.2-kb Hind IE fragment from the DNA of phage X1358-b 538 imm:T4 EHI e + sus97 
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(Owen e. al., 1983) did not lead .0 success either with pBR 322 or with pUC 9. Instead even 
Incorporation of Are X arm in the plasmid was observed,bu, no. that of the H-™-^ 
fragment; this can be explained by possible lytic activity of the gene products of tins DNA 
section so that no bacterial clones could be cultured. The isolated X DNA is digested wfh 
Hind in and the 3.2-kb fragment isolated (see Figure IH/14). After an addi.,onaU,ges,,on w,m 
Ava II the coding fragment reduced to about 750 bp is isolated. Starting from nete, .the T4 
lysozyme gene is cloned in two parts so that at no point is the complete gene wtthout signal 
peptide gene fusion under control of a possibly active promoter. In the prepared plasmtd 
pSR 2-1, the roughly 200-bp large Sna BI/Eco RI 5' fragment is ligated (pSR 2-2) and after 
removal of the Eco RI/Nde 1 fragment of the lac Z gene from the plasmid, me roughly 
350-bp-long Eco RI/Nde I 3' fragment (pSR 2-3) is also ligated. In this plasnud, the mtact T4 
Wsozyme gene is present for the firs, time, but by fusion with the signal peptide gene and 
inserTn in the lac Z gene. No unusually limited number of recombinant clones was observed 
here. The 3' untnnslated par. of me gene is removed by digestion with Dra I (m winch the 
termination region is re.ained) and isolation of the large fragment. A Hind m linker - hgated 
directly ,0 the^blun, end) Dra I cleavage site and after digestion to Hind ID, tire now , ..berated 

me Hind III c.eavage sites are converted to Sal I cleavage sites (pSR 2-12). Fmally ft Sa. 
t Led chimeric lamylase-signa, pep.ide-T4 lysozyme gene is cloned mto me Sa, I clomng 
s,,e of the expression vectorpAP 2034 in the correct orientation (pSR 2-4). Chechng . * *. 
constructed plasmid is carried out with differen. restriction digestions (see F.gure WIS). 



r TGGCG.CC |ATGAATATATTTGAAATGTTAC JgIAS 
CCAACCOCAOO llACITATATAAACt T TACAAtG[CATCCTAG 

(Sua BD CB*m HD 

CBgl ID 



Figure 111/13. Synthetic oligonucleotide for joining of the signal peptide and T4 lysozyme 



64 



Hind 9 



Clone E 




Psll 



US** 



U Rsil 
I) Bgtl 



Ball WndB Ncol Bgll 

L ^zf 



L| iynlh.OtlgonuM»otid 
2J Hind Ijfx) 




1) ll 9 l«ff o- 

pUC9/H(ndH*8amHI 



2 FrM~— 



© 



Kind II, 



SnaBlBamHI 
-EcoRl 





JHMl 

lit llftwM m pUC«S»ll 





Figure ffl/14. Construction of a selection-expression vector for the chimeric a-amylase-signal 
peptide-T4 ly sozyme gene under control of the T R promoter. 

a) Isolation of the signal peptide gene 

b) Construction of the chimeric gene 

Key: 1 Ligate synthetic oligonucleotide (see Figure HI/1 3) 

2 Ligate 

3 T4 lysozyme gene 

4 Isolate large fragment 

5 Ligate linker 
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Figure 111/15. Checking of plasmid pSR 2-4 by restriction mapping. 

The plasmid DNA was digested with the stated enzymes and separated on a 

0 7% TBE-agarose gel. X-DNA digested with Pst I serves as length standard. 

Fragment sizes: Sal I: 8.6/0.67 kb, Pst I + Mlu I: 5.4/1.63/1.23/1.07 kb, 

Pst I- 5 4/2 3/1.63 kb, Eco RI: 8.75/0.58 kb, Bam HI + Hind III: 5.85/3.25 kb, 

Sna BI: 9.0/0.33 kb, Bgl I + Pst 1: 2.3/1.6/1.05/0.8/0.42/0.3/0.2/0.1 kb. 

The plasmid P SR 2-4 represents a selection-expression vector for the chimeric 
a-amylase-signal peptide T4 lysozyme gene. The fusion gene is situated under the contro of the 

gene in the 7 position, terminated by the ocs P A region. At a size of 9.25 kb, it contams the 
carbenicillin, as well as streptomycin/spectinomycin resistance gene. 

" 3.3 Nonradioactive labeling of DNA fragments for hybridizations by means of the 

biotin-streptavidin systems, development of a simple method 

ATanemptwasmadedunngtlusworktoreplaceradioacuvedetectronm 

modem enzymatic methods as much as possible. A large part of the Southern ^f"*™^ 

ledouTlp^^ 

being detected lie well above the detection limits. The now most commonly used ^ ystemfor 

sensL detection is the biotin-streptavidin system. Biotin is a small, 

(MW 244) and can be coupled easily via its carboxyl group to numerous biomolecules by 

different activation methods. 
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Streptavidin (from Streptomyces avidinii, MW 60 kDa) is a tetrameri^rotein with four 
highly specific binding sites (K D =l(r 15 M' 1 ) for biotin. In contrast to the initilUy employed 
avidin from chicken protein, streptavidin has more favorable physical properties (Chart and 
Wolf, 1964- Green and Toms, 1970; Hoffmann et al., 1980), it causes significantly fewer 
nonspecific bindings and therefore leads to better results with equally strong affinity (Haeuptle 
et al., 1983). Because of its very high specificity, which is several orders of magnitude higher 
than in antigen-antibody reactions, only very short reaction times are required. 

Several worked out methods exist for labeling of DNA probes: 

1) Replacement of unlabeled nucleotides in the double strand by biotin-labeled 
nucleotides by nick translation according to the conventional method (Rigby et al., 1977; 
Maniatis et al., 1982). It has turned out that biotin 1 1-dUTP, in which the biotin group is bound 
by an 1 1 -atom spacer to the C 5 position of the pyrimidine ring, is used as most favorable labeled 
nucleotide (Langer et al., 1981). About 30% of the thymidine residues are replaced by 
biotinylated uridine during the labeling reaction. 

2) Terminal labeling by addition of bio-1 1-dUTP to the 3' hydroxyl group. The 
extent of labeling is limited by the number of available 3' hydroxyl terminal groups and both 
double and single strands are labeled, in which single-stranded biotinylated tails are obtained. 
The reaction by means of terminal-desoxynucleotide transferase is template-independent. 

3) Bio-Bridge labeling system (Enzo) 

This method is a farther development of terminal labeling, in that here the y-poly dT tails 
are linked to the probe. This is denatured and hybridized on the filter-bound DNA. A 
biotin-modified poly dA molecule is then hybridized to the poly dT strand. The yield ofbiotin 
residues per DNA strand is higher here than in the two other methods. 

4) Oligolabeling (Feinburg and Vogelstein, 1983, 1984) 

Kits for this labeling method have since been offered by Amersham (Multipnme labelmg 
kit) Pharmacia (oligolabeling kit) and Boehringer Mannheim (Random primed labelmg kit), but 
only the one from Boehringer Mannheim is suitable for biotin labeling. After denaturahon of the 
double-stranded DNA, a new biotin-labeled strand is synthetized by means of a DNA single 
strand with DNA polymerase I (Klenow fragment). Synthetic hexanucleotides of all possible 
sequences serve as primer. dTTP and bio-1 1-dUTP in a ratio of 1 :0.6 are used for the highest 
signal intensity. 
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Many the labeling reactions were conducted routinely with ruck translation, » wh,c„ 
separation of the free nudeotide occurred by ethanol precipitation. After market mfrote, on, 
I mlTcostly method was replaced by oligoUbe.ing, which makes isolahon of the abeled 
DNA edund J- and the entire reaction charge is used for hybridization. Because o ure more 
Tdetectabihty of me DNA P =..e. (only possible by a comp.ete detection ^ » an 
advantages* during comparison with radioactive labeling . The V*£ 
meld of Feinberg and Vogetstein in its modified form is therefore £ od o ctace 
biotin labeling of DNA fragments. The hybridization conditions (Wahl et al„ 1979) are only 

iol abeled double strands. TTre formamide concentration in the hybndrzation buffe s 
before reduced from 50 to 45% and the hybridization temperature rematns unchanged a. 42 C 
lC 1 983). Since proteins are used during detection, the nonspecific protem brndtng 

method is the use of 1% gelatin at room temperature and it yields no worse an effect than, say, 

WnRSA and even a lower background. 

principle and the required buffers, for example, a,so for protein analyses by Western b,o«mg, 
starting from the commonly present biotin group. J , ♦ • 

Trl was chosen as the buffer substance (1 0 mM) and , 50 mM NaCl used for pro em 
stabilization In order to reduce the nonspecific background, detergents in low concentiati ns are 

Triton X-100 and even can be used alone for blocking (Chan e. al„ 1985) Here 0.05 /. Tween 20 

room temper is carried out for 1 h in a solution of 1% gelatin (Bto-Rad) m TBSTW£ A. 
TBST buffer, al, possible additional detection steps can be carried ou, very weil w«h anting 
rsleptavidin. For detection of biotinylated DNA, only the complex with streptavrdtn to wbch , 
n^nzyme is coupled need be formed. After me previously commonly used marker enzyme 
^oXTTfter p-gaLosidase and acid phosphatase, alkaline phosphatase ts now mcreasmgly 
gaming acceptance as the most sensitive enzyme. Nitro blue tetrazolium and 
nTomo 4-c»loro-3-indoIyl phosphate (NBT/BCTP) serve as substxa.es. By cleavage of the 

LbTotin streptavidin system, see 3.16. The sfreptavidin-alkalme ***** ^ 
the BluGene Kit, available from BRL, proved to be very wel. sm.ed An ^ ^ £ 
the sensitivity of mis system appears possible by optimizing me conjugate and by utihzmg th 
snowball effect of the four biotin binding sites of streptavtdm. 
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Sensitivity of the system: . 

A sensitivity of about 500 fg homologous plasmid DNA could be achieved both with nick 
translation and oligolabeling, and in one concentration series during radioactive labeling, a limit 
of 1-0 5 pg with three days of exposure was achieved by oligolabeling. The detection limits for 
radioactive and biotin labeling are therefore comparable. As an additional time saving, as 
recently tested, UV crosslinking of DNA and RNA on Immobilon membranes for biotin labeling 
is also possible and in one DNA concentration series, a higher intensity of the signal was found 
during direct comparison for UV treatment (4 min on a 302-nm transilluminator with a moist 
filter) versus 2 h of baking at 80°C in a vacuum furnace. With viral RNA, a Northern 
hybridization was successfully conducted according to this method. 

3.4 Integration of antibody construct in Agrobacterium tumefaciens and checking of the 
transformants by Southern hybridization 

The previously described synthetically produced genes from plant regulation elements 
(promoter, polyadenylation sequence) and coding region for the desired proteins are integrated in 
the Nicotiana tabacum plants by means of the plant transformation technique developed a few 
years ago with Agrobacterium tumefaciens Ti plasmids (Matze and Chilton, 1981, Leemans 
et al , 1982; Zambryski et al., 1983; De Block et al., 1984; Horsch et al., 1984, 1985). The 
mobilization system of Van Haute et al. (1983) with the helper plasmids R64drdl 1 and pG 28, 
as well as the manipulated Ti plasmid pGV 3850 (Zambryski et al., 1983). This vector cor ains a 
pBR 322 fraction that is also contained in the selection-expression plasmid pAP 2034 (Velien 
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and Schell, 1986) so that the recombinant constructions can be introduced by homologous 
recombination to the Ti plasmid. The conjugation method is described in 2.5.3. During 
simultaneous selection, 10-100 colonies should grow per charge that are transformed with high 
probability. 

Some selected clones are subjected to Southern hybridization analysis fo^ntact 
incorporation of the foreign DNA. For this purpose, as described under 2.7.2, the total DNA 
from the agrobacteria is isolated in a minipreparation. Aliquots are digested within different 
restriction enzymes and transferred to a membrane after agarose gel electrophoresis (see 2.7.4). 
Hybridization and detection with biotin-labeled probes occurs as described and discussed m 2.7.5 
and 3 3 For the plasmid pSR 4-3, integrated in pGV 3850, the abacterial DNA is digested 
with Eco RI and Pst I. The 0.8-kb Bam HI fragment from pSR 1-10 (LC probe) serves as a 
hybridization probe for the light chain, the 1 .55-kb Pst I fragment from pSR 3-10 (HC probe) for 
the heavy chain gene and the entire plasmid pAP 2034 (pAP probe) for the vector. The 
hybridizing fragments are graphically shown in Figure ffl/16, and the experimental result agrees 
with the expected one. 
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Figure ffl/16: Southern hybridization analysis of genomic DNA of pSR 4-3 transformed 
agrobacteria C 58 CI . 

a) Hybridization pattern with biotin labeling 

b) Graphic depiction of hybridizing reaction fragments 



" [In the original document, commas in numbers represent decimals.] 
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3.5 Integration of lysozyme construct in Agrobacterium tumefaciens and checking of the 
transformants by Southern hybridization 

The same method as described in 3.4 is used for construction of pSR 2-4. The 0.67-kb 
Hind HI fragment from pSR 2-10 (lys probe) is used for the hybridizations for the lysozyme 
genes and the entire plasmid pAP 2034 (pAP probe) for the vector. Figure W\ 7£ows the 
hybridizing fragments graphically and the experimental results agree with the e^ted ones. 
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Figure m/17: Soutan hybridization analysis of genomic DNA of pSR 2-4-transformed 

agrobacteria C 58 CI. 

a) Hybridization pattern with biotin labeling. 

b) Graphic depiction of hybridizing reaction fragments. 



72 



3 6 Expression analysis of pT R and pNOS 

After some (RNA and protein) analyses had been conducted without result, it turned out 
that the Tr double promoter is obviously not expressed constitutively. Instead a nonuniform 
expression in the plants and inducibility by plant hormones was assumed (A. Szalay, C. Koncz, 
personal communication). Thereupon a detailed expression analysis of the pr^oter was 
undertaken in order to work out conditions under which an attempt could be fflade to 
successfully introduce proteins into the transformed plants. For this purpose, the NPT H gene 
under the control of the T position of the double promoter was used in the constructs of 
pSR 2-4 and pSR 4-3 and the activity measured by the NPT test (see 2.9.2) in the transformed 
plant materials. 

It must be stated as a conclusion from all the conducted NPT tests that neither expression 
in the fresh state of the plants nor different inductions are absolutely reproducible and instead a 
large variability was found between the different transformants and also in proliferated plants 
that had already been analyzed once. 

Expression analysis (conducted on sterile culture tissue) in intact fresh plants clearly 
shows increasing activity of the Tr double promoter from the tip to the base of the plant. The _ 
lowest expression is found in the highest leaf, directly followed by the hollow part of the stem. 
The activity in the leaves only increases slightly downward in most transformants and m some 
plants, however, a relatively high expression is already present in the lowermost leaf. Normally 
the highest and lowest leaf differ by a factor of about 1.5-2. It is then found that differenc^dso 
occur in this leaf itself: the edge regions are more strongly active than the inner regions. Greater 
differences in activity are found in the stem, where a 25- to 40-fold higher activity is found^m 
the top down. In the normal case, the roots exhibit the highest activity (about 45-fold relaftveto- 
the highest leaf) and even here no uniform distribution could be established, but a weakerung 
toward the root tip, which, however, is still about 15 times stronger than the highest leaf. As a 
conclusion to all these experiments, a region of greatest activity in the vicinity of the base .of the 
plants at the transition from the stem to the roots therefore emerges. The expression rate* the 
fresh uppermost leaf is discussed below as a basic state of the T R double promoter. A differential 
expression of this promoter in fresh plant tissue is therefore clearly demonstrated, but one pannot 
speak of tissue-specific expression, since the boundaries are fluid and variable. An expression 

gradient is involved instead. 

These data suggest performing a study on the inducibility of the promoter. Knowledge of 
the assumption of hormone regulation (A. Szalay, C. Koncz, personal communication) was 
helpful for this. With this as point of departure, different hormone concentrations and rafcos were 
tested and the most appropriate proved to be andkmetm m a rano of 1:1 m a ^M 
concentration. The ratios 100:1, 10:1, 1:10 and 1:100 (in which 1 always means 10 *M) were 
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tested, bu, somewhat weaker induction was found. For this purpose, cut off, who* leaves were 
incubated in !i,uid M + S medium for 5 days witb the corresponding addmve Addttton , rf 
hormones in ul system is essentia! for induction. On the other hand, ma sys em for mdachon of 
L pieces, the same induction is obtained hour with and without addmon of hormone, to tins 
exTerlen, the stem is divided into about 1-1,5 cm iong pieces and men the ler^cut and the 
X s-face piaced on solid M + S medium and a>so incubated for 5 days. The difference 
ZL U- methods Hes in the ratio of wound surface to total volume of tissue^ stem 
a relative* large wound surface is present but in the cut-off leaves, only a rmntmal wound 
j£L is presL. In order to tes, whether merely gravity-related coHection of hormones « <h 

experiment was conducted. For this purpose two halves of a segment were " 
po In with the eu, surface up or down using hquid M + S me*um 5 £ 
Two tissue parts (upper and lower halves) were men cut out and analyzed, to both case* the 
;i Wiethe cuLface exhibited the greater activtty, which means that 
effect is no, involved, but rather a wound-dependent one. Thrs finmng ,s rmportant for the stem 
1 t n "em sin e norma! transport of hormones is disturbed by cutting and the change m 

surface. For mis purpose, leaves were initially cut into stnps and ^ 
manner in liquid M + S medium for 5 days. A positive effect was found. ^ * 
soUd M + S medium occurred and the leaves were cut into small pteces, as m 
Ttese changes caused adaptation of the two (leaf and stem) systems to each other. In both 

possible by addition of hormones, now it occurred merely by woundmg and to a greater extent 

(two to four times higher). - , ^ 

The Tr double promoter is inducible in stem pieces m vttro about 70 to 170 times, m leai 
" pieces Lt 25 to .50 times in comparison with the base state. The CaMV 35S promoter 
Xed a, the same time m ca,.i as a reference (provided by R. Topfcr) ,s always about 
,000 times stronger in the NPT test than the base state of the Tr , 

Kinetic studies were conducted bom for stems and for leaves, wtth and wnhou, 
hormon^ Lease in activity of the promoter be,ns during wounding without hormone^ 
Z „ bom cases about 1 day a«er the beginning of induction and nses ^ "» 
« day quickly. The investigation was conducted up ,0 6 days, me hrghes. » notion berng 
measured on the six* day. According ,0 mis pattern a simila, expenmen, « conduced , 
Wassene^er (Cologne, personal communication) with a luciferase test over a penod of 11 days 

roughly the base state on the 1!* day. During the addition of hormones, the same mgh activrty as 
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after 5 days was measured in the stem already after 10 h, whereas no change was noted m the 
intact leaves. No difference in inducibility of the upper or lower leaves of a plant at the same 
time could be found in different experiments, but high variability was found between different 
plants and proliferated examples of the same plant. 

The natural optimal expression sites of the T R double promoter are found in calli, which 
develop after infection of the plant with Agrobacterium tumefaciens. Good^pression should 
therefore also be expected in sterile culture calli. This was already demonstrated by Velten et al. 
(1984) and confirmed by M. Prols and R. Topfer (Cologne, personal communication). In the 
transformed tissue here, the strongest expression with a margin was found both in fresh and 
induced tissue in the calli and only one plant reached this activity in the leaf and stem tissue. The 
activity in the callus is comparable to that of the CaMV 35S promoter, which is generally 
considered constitutive and the strongest now used promoter. But differences are also found 
here After repeated tests, it must be stated that expression in soft and unorganized calh is 
stronger than in hard, white or green calli. Calli that formed on the lower stem of the single 
lysozyme plant L2 exhibited only about 20% of the activity of the 35S calli and therefore 
corresponded more to the hard-green callus. 

It was known from M. Prols (1966, personal communication) and R. Topfer (personal 
communication) that an equally strong expression as in calli was also observed in carrot 
protoplasts. These results could not be reproduced in tobacco mesophyll protoplasts. Generally 
only a relatively weak signal could be obtained there and, even under kinetic conditions^ 
relatively weak signal that diminished ftirther by the fifth day was found after 2 day. The use of 
different hormone concentrations and ratios had no effect in protoplasts. The plasmid pAT 2034 
(Velten and Schnell, 1986) was used for transient expression in tobacco protoplasts (contains 
l'-NPT). In other groups, good expression of the double promoter could sometimes be achieved 
with different plasmids both after 1 day and also after 3 days (I. Moore, R. Masterson, D.Wing, 
personal communication), and in this case P UC derivatives function more poorly than other 
plasmids (R. Masterson, personal communication). During comparison of transient expression of 
both plasmid P SR 2-4 and pSR 4-3, it was found that the lysozyme construction after 1 day of 
incubation achieved about 1/7 of the activity of the 35S promoter, but antibody constructor! 
achieved only about 1/35; obviously the presence of T4 lysozyme influences the activity of the 
promoter positively. This will be taken up further later. . , • • w hrases 

The possible high expression in calli and protoplasts appears logical, since in both cases 
tissues that are in a strongly activated state are involved. On the other hand, 
conditions prevail in intact plant, There the 35S promoter is 1000 to 20 times stron ,e, whereas 
after induction of the double promoter, it is still only 20 to 5 times stronger. It is still only 
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equally strong in unorganized calli. This means that the double promoter in Us highest induced 
state is an equally good (active) promoter as the CaMV 35S promoter. 

Since a clear influence of promoter strength by wounding occurred in these experiments, 
a train of thought to also test acetosyringone, which is known to induce the vir gene of the Ti 
plasmid and is formed by wounded plant cells (see Introduction) for promoter inaction arose. 
However, no clear picture could be obtained for this substance. Sometimes quite good induction 
results were obtained, but sometimes no difference was found relative to simple M + S (wound) 
induction with whole leaves. This substance might be directly related to wound reaction, but this 
direction was not pursued further. 

In a large NPT test all available transformed plants were tested for strength of expression 
of the T NPT gene. For this purpose, the lowermost stem piece was freshly frozen and the next 
higher piece used for induction. It was divided into two equal halves through a longitudinal cut, 
one of which was induced on solid medium without hormone addition and the other with 1.1 
hormones for 5 days. It turned out that some plants are only poorly inducible or not at all but 
most have a roughly equally strong base state and are clearly inducible. The picture of optimal 
induction, however, is ambiguous, in one case induction only being stronger by wounding, in 
others by addition of hormone. The induction factors are also different from plant to p ant. It 
must be stated in conclusion that the developed inducibility does not yield a clear, readily 
reproducible picture but instead a very variable one that suggests a complex nature of regulation. 

To clarify whether expression of the double promoter might occur in agrobactena, which 
could lead to their damage in the case of P SR 2-4 by T4 lysozyme and thus prevent transfer of 
plasmid DNA to wounded plants, the activity was also investigated in bacteria. Gelvm et aL 
(1981 1985) and DiRita and Gelvin (1987) already found weak activity in agrobactena and mE. 
coli for a similar promoter from another Ti plasmid. A significant activity in Agrobactenum 
tumefaciens and E. coli was actually also found for this promoter, but no inducibility by 
hormones or acetosyringone could be found. Since, however, the mechanism of promoter 
regulation is unclarified, it cannot be ruled out that induction also occurs m the agrobactena 
to some substance formed by the wounded plant tissue. 

Later a transfer of the induction conditions from sterile culture plant to greenhouse plants 
had to occur in order to have the required amounts of plant material for protein analyses 
available. Since no induction can occur here on an artificial nutrient medium, the conditions had 
to be adjusted. For induction of leaves in greenhouse plants, the leaf surface 
toothbrush and slightly wounded, whereupon a solution of 2,4-D and kmetm (both » 
sprayed on the wounded leaves. Harvesting was initially carried out after 5 days, later after 2 
days since after a few days wounding of the leaves leads to partial dying of the tissue. After 
2 days most of the leaf tissue is still intact. As in the stenle culture, plant L2 reproducibly 
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exhibits a very high base .eve. (,he highest of a,, plants), bu, is no, induc.ble. Plant A, behaves 
differently with relatively low expression in the uninfluenced state, but is mstgrnficantly 
tLb,^ large jump occurs from the period before tnduction to the*., day ^ andupto 
the fifth day only a slight additional rise follows. For companson, the 35S promoter m A10 ,s 
1 LJ alter induction of tire double promoter, in L2 only about equal.y strong 
in the leaves- Induction therefore also Actions in active plants, b which ,f^s no. mvesugated 
whether wounding or the use of plan, hormones is the decisive facto, The objective of the 
overall series of studies to find optima, conditions for expression of the T R double promoter for 
protein analyses and estimate the strength of expression is therefore aclueved. 

In order to ensure that the V promoter is also regulated in the same way, only two 
methods could be resorted ,„: in the firs, place, analysis of transformed plants that centaur the 
1" NPT gene in a different environmen. (furnished by G. Coupland, Cologne) and, on the other 
hand, .Lent expression of a plasmid ana.ogous to pAP 2034 (pSR 6-1). This plasm.d was 
constructed by deletion of dr. Sal . fra*nent, which contains the bacteria, xanamyen resistance 
from Th903, from pAK .003 (Velten et a,., ,984) and contains the 1' NPT gene m the same 
environment as pAP 2034 (Velten and Schell, 1986). During transient expresston of botir 

in a very young state and exhibited tire highest expression in the lowermost leaf, but no. ,n the 
stem do,. A significance of mis resul, mus. firs, be demonstrated by repeating fte expenment. 
The 1' promoter, however, reacted to the induction conditions in the same way as the 2 
promoter. It is also 35 to 70 times inducible in both induction systems (leaf feces and stem 
segments) within 5 to 6 days, both by wounding and with hormones. An equivalent tnduchon 
with the same base expression is therefore reliably assumed. ,«, whetn er 
The same analyses were also conducted with the NOS promoter m order to test whether 
an analogous controllability is present despite all previous publication, Since both promoters 
control genes with similar Auction (opine-synthase genes) a similar regulation " b 
unfounded. No such shtdies have ye. been published either. The activty analysts tn fresh tissue 
a ,so prices differential expression for fte NOS promoter, which increases from he .op dowa 
,n both tested plan,, a three-fold higher activity is uniformly present m the >°™*f^ d 
roots titan in tire upper leaf and stem. The inductions are about srx.fo.d 
for hormone addition (U) m .eaf pieces and in both cases about 

The qualitative effects are also the same and are only quantitatively lower. The base s.a«« of 
both promoters he on tire same order of magnitude and the inductions can be higher m the double 
promoter. After culhtring of calli, these were also compared, and the same 
predominated here: haxd, green or white calli expressed more stiongly than a soft, unorganrzed 
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one and in such a callus the expression is about four times as high as in the lowermost leaf, i.e., 

about 8 times above the base state. .... . ... 

The following picture therefore emerges: pNOS and pT R are quabtafvely both regulated 
according to the same principles, but have qualitative differences ta tie factors to the base 
states, they are comparably strong, bom are wound- and hormone-tnducble, bul#e doub. 
promoter to a stronger degree. The same apphes to expression in caHi. However, the.double 
promoter has major advantages, because it can reach the strength of tie 35S promoter (as a 
re ference in the cal.us), which means a fragment of total protem of about a.% (Sande, =. a,., 
1987) Co„trarytothemeas„rementsofSandersetal.,thefactorbetweenNOSand35S 
promoter in the NPT test is no. only 1 10, but even about 1000 in the base state. Comparisons a 
Zml Lve. were conducted by Sanders e, al. (.987) and Harpste, e, al. (1988) and me resuKs 

of both studies are similar. MTaA , n 
For protein analysis for the light arrd heavy chains of the antibody, the resulu proved to 
be favorable, since the activities of both promoters correlate in order of magnitude. On .to , or* 
hand a roughly comparable amount of .igh. and heavy chain is present m the mduced leaf ..ssue, 
wHch should facilitate assemb.ing and on the other hand, however, under ophnuzed condthons, 
if necessary, a very high percentage of light chain which cannot be glycosylated car, be 
produced. Major differences between both protein amounts would distort the pnmary p.cture. 

In the F, generation of the L2 plants, all NPT-positive examples also show the hrgh 
activity known from the parent plants. 
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Figure 111/18- Average values of differential expression in different plant tissues 
and induction in leaves and stems in sterile culture plants (relative activity plotted 
logarithmically, base expression in uppermost leaf = 1). 

1-16- pTr-2'.NPT II (1-5 fresh), 1: uppermost leaf, 2: lowermost leaf, 3: lowermost stem 
piece 4: middle root, 5: root tip, (6-14: induced with wounding and 1:1 hormones (see text)), 
6: leaf, 6 days, 7: stem, 6 days, 8-14: kinetics (leaf) 5 h, 14 h, 1 day, 2 days, 3 days, 
5 days 6 days, 15: callus, 16: tobacco mesophyll protoplasts, 17-23: pNOS-NPT H 
(17-19- fresh) 17: uppermost leaf, 18: lowermost leaf, 19: lowermost end piece, (20-22: 
induced, 5 days), 20: leaf by wounding, 21: leaf with 1:1 hormones, 22: stem by woundmg 
or with 1:1 hormones, 23: callus, 24: pCaMV 35S-NPT D in callus as reference. The 
brightly shaded surfaces: maximum values, additional explanations in text. 
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Expression of lysozyme construction pSR 2-4 in Acetabular* mediterranea 
The correct expression of genetic engineering construction can be checked in a system ot 
microinjection of DNA established with the one-celled green alga Acetabular. Acetabular is 
an appropriate system for investigating expression of heterologous genetic information ^euhaus 
et al 1983, 1984, 1986; Langridge et al., 1985; Berger et al., 1987; Schweiger and Neuhaus, 
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1987). About 10 7 supercoiled DNA molecules are microinjected with a concentration of 
1 mg/mL into isolated cell nuclei of Acetabularia (about 10 urn diameter). In parallel, 
denucleated Acetabularia are isolated into which the microinjected nuclei are reimplanted by 
fusion. The overall treatment leaves the stability and morphogenetic activity of the nucleus 
uninfluenced. The manipulated Acetabularia are tested in molar medium (Prirn^ et al., 1978) 
for capacity for expression of the heterologous genetic information. 

Detection of the expressed protein occurs by indirect immunofluorescence. For this 
purpose, the transformed Acetabularia are spread on a microscope slide, dried and fixed. They 
are then incubated with the specific antibody and then with fluorescein-coupled second antibody. 
The immune reaction is made visible by the fluorescence. 

The described investigation method was applied to lysozyme construct pSR 2-4. The 
polyclonal rabbit anti-T4 lysozyme antibody described in 2.8 was used as a specific antibody. 
After the immune reaction, a specific immunofluorescence could be detected in the transformed 
Acetabularia. Controls were conducted. The correctness of the construction in plasmid pSR 2-4 
was thus demonstrated and it was found that T4 lysozymes could be produced in the plant cells. 
A clear indication of secretion of T4 lysozyme could not be obtained. A further conclusion is the 
functional capability of the T R double promoter under the culture conditions of Acetabularia 
mediterranea. 
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Figure HI/19: Detection of expression of T4 lysozyme from pSR 2-4 in 
Acetabularia mediterranea by indirect immunofluorescence. 

a) Light field recording of object 

b) Dark field recording of the UV light with specific fluorescence for T4 lysozymes 

c) + d) Negative control of pBR 322-DNA: light field (c) and dark field recording (d). 

3.8 Transient expression in tobacco protoplasts 

Transient expression in tobacco protoplasts can produce quite good activities of the 
double promoter, but only very small amounts of total protein can be isolated from a charge of 
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the main protoplasts. Repeated attempts to directly detect the light chain of B 1-8 and for T4 
lysozyme from the crude extract of tobacco mesophyll protoplasts were unsuccessful. An 
increase in the number of protoplasts to orders of magnitude so that a positive single would be 
expected is connected with unacceptably high expenses both in work and cost. For this reason, 
this approach was no longer pursued. The transient expression in protoplast^ otherwise suitable 
only for in situ detection, for example, by imrnunogold labeling. " ; . 

3.9 Transformation of Nicotiana tabacum W38 with antibody construct and transformation 

analysis 

The chimeric genes integrated in the Ti plasmid pGV 3850 are transferred to Nicotiana 
tabacum W38 by abacterial infection (Zambryski et al., 1983). This occurs by means of the 
leaf disk test (Horsch et al., 1985) in modified and simplified form (see 2.6.2). In the simplest 
and fastest method, separate callus induction is no longer carried out but it is placed right on the 
sprout induction medium with 0.5 mg/L BAP and 0. 1 mg/L NAA. 

Two leaf disk tests were set up with the agrobacterial described in 3.5, one of them 
according to this method and another with coinfection (see 2.6.2). Half were cultured with and 
without kanamycin selection (50 mg/L). Calli that begin sprout formation after some time are 
obtained during coinfection. This method requires a longer overall time. During direct sprout 
induction, small calli that produce sprouts are sometimes obtained and sometimes small sprouts 
within 4 to 6 weeks directly on the leaf surface. These sprouts are cut off and selected with 
100 mg/L kanamycin. From the coinfection charge, five transformed plants for the antibody 
construct and according to the other method 15 transformed plants were regenerated. 
Transformation analysis is done by the nopaline and NPT test by means of the two marker genes. 
The nopaline gene is located in the T-DNA of the Ti plasmid next to the right border; the NPT 
gene is under the control of the T position of the T R double promoter (from plasmid P AP 2034, 
Velten and Schell, 1986) and is subjected to the tissue-specific expression analyzed in 3.6. 
Nevertheless, the activity of the promoter is sufficient to generate resistance against 100 mg/L 
kanamycin in the buds. A first index of transformation is good growth under kanamycin 
selection and especially rooting under these conditions. At the time of the nopaline test (Otten 
and Schilperoort, 1978) for detection of the presence and activity of the nopaline gene most buds 
were already rooted under kanamycin selection. Clear yellow spots for nopaline could be 
obtained in paper electrophoresis (see 2.9.1). 

Nopaline-positive plants were subjected to an NPT test (Reiss et al., 1984; Schxeier et al., 
1985) (see 2 9 2) in order to also detect the presence and activity of the second marker gene. Part 
of the nopaline-positive buds did not survive continuing selection or exhibited no signal in the 
NPT test There is a general explanation for this: in recent years strong variability in expression 
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of several regenerated p,an,s from a transformation charge has always been ™ons* ted by 
different groups, even from a caUus, which is attributed to a "pos.t.on e, *1 ™* 

I, is vety often observed that only one of the two present marker genes (NOS and NPT) ,s 
e ' Zd or that deletions occur (Budar e« a... .986; Czenu.ofsky e, a... 1986, Uchnntya « al, 
98 * anders e, a. ,987). B is also .mown that the de^ee of methylation can n^ence the 
STf Z pa. ne synthase gene (Hepburn e, al, .983). On the other hand the now known 

considered. Imtially, young .eaves from the tip of the p.an, are a ways used f r m .MT te* 
which, however, have the .owes, or ahnost no activity, as cou d be dem^sti ated «dy. 

For further analyses, 20 transformed plants, both nopahne- and NPT-postttve, we* u*d. 
No assertion can be made concerning the relative activity of the introduced genes by means of 
me NPT testbecaus. of me noncons.Hu.ive expression of me promoter, smce ea « al s 
17or mis reason, a larger NPT .est was conducted for comparison of all plants m wta h *e 
™ Aerials (fresh and induced) were compared with each Cher. Layer tests w,«h Plated 
mlria. from L same plants, however, show that the induction conditions are ,„ no c*e 
^ely reducib,e and the activi* of the promoter is therefore always sublet to greater 
fluctuations and only a tendency for re.a,ive activity of the plants can * - W*^ 

The ptats A4, AS and AS exhibit the highest express.cn m flu. test, »• * « ^ 
far .he singes, and fo, additional analyses, p,an.s A3 and A10 were also used^l *e 
mentioned plants exhibit a single specific band for .he Ught cham or heavy chant gene m 
slem hybridizations (see 3.11), i.e., no rearrangement occurred and to genes „ tirerefore 
incorporated properly. .. 

3. 10 Transformation of Merf*. .abacus with iysozyme construct and transformation 

^For the lysozyme construe, (see 3,), a leaf disk test (Mco,,- W38) with *e 

usua, hormone concentrations (1 mg/L NAA + 0.1 tng/L BAP for callus mduOon an Img/L 
BAP for sprout induction) (Zambryski e, a,., ,983; Kau,en, ,986) was mtttally earned^ 
Under these conditions, however, no calli could be proliferated. Thereupon, an add* ndfiv 
leaf disk tests were conducted accordmg to me methods explained « 3* among whtch was 
Lection from which on.y two transforms could be regenerated. One 

determined eitine, wim or wUhout selection. For ths reason, the to, leaf dtsk ;** 

with acetosyringone induction. As could recently be demonstrated, thts subsume, formed 

wounded plan, tissue induces the var gene from the Ti p.asmid of A 

(Koukotikova-Nicola =. a.., .985; S.ache. e. a.., .985, >9S6a/b; Bol.on e, a.., .986, Wang a,., 
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,987) and on this account causes urfectiousness of the agrobaOeria. I. could be demonstrated for 
AraMopsis tkallana ma, during treannen. of the agrobac.ena wtth 20 uM 16 h, 

pH 5 6) before incubation the transformation frequency is significantly increased (Shetkholeslam 
et al ' 1987) The following concept was developed from this: the agrobacteria culture ,s mduced 
for 16 h in LB (pH 5.6) under antibiotic selection of 20 uM acetosyrtagonette leaves are 
treated for two days with 100 uL of this culture in L + S medium (pH 5.6) an3 2 P uM 
acetosyringone. After a week selection is conducted. Tins approach also led to no result ^An 
explanation is obtained from the subsequently performed activity analysis of the T„ double 
promoter. In the firs, place, the tissue-specific expression can have an effect on select™ 
capacity, which is less likely, however, because of the number of ttansformants obtamed for the 
antibody construction in mis extent. A key idea « be derived from the 
promoter by acetosyringone. As described under 3.6, it could be demonstrated that th, . double 
promoter under normal culture conditions is active in agrobacteria A weak actmty ^o the Trf 
gene of another Ti plasmid has already been described in bacteria in the fiterature (Gelvm e. a. 
1981 1985; DiRita and Gelvin, 1987). However, production of lysozyme cannot be sufneten. for 
lysis'of bacteria, since norma, growth was observed. ,n addition, the inducibihty of the proper 
was detected by wounding the plan, tissue. 1. is therefore assumed tha, lysozyme production » 
th e agrobacteria is activated a, tire moment when these are cultivated together wtth to w«*d 
plan, pieces in me disk ,es,. In similar fashion ,o me natural action of T4 lysozyrne (prod cti n 
in the attaching bactena and lysis of me bacterial cell wall from the ms.de, Tsugtta 1971). At fe 
point a, which the DNA transfer machinery of the Ti plasmid is se, rn motion by activate o to 
vir genes, attack of newly produced T4 lysozyme is assumed simultaneously on ,he bactenal 
wall and mis can lead ,0 an adverse effec, on hampering of me function of toe cells walls 
during DNA transfer, whose mechanism is no, clarified, or ,o destruction of th< .bactena. 
mduln by acetosynngone cannot be ru,ed out in conjunction with wound-mduabthty so to, 
acetosyringone addition during me leaf disk ,es, could ,hen even have negative consequences. 
Transformation of plan, cells in mis case must therefore be assumed as an exceptional 

phenomenon^ ^ ^ of NimUma , abacum SRI (Maliga et al., 1973) was 

conducted by direct DNA transfer in me weak protoplast (see 2.6.4) in order to get around the 
problem of lysis effect of T4 lysozyme on agrobacteria during the transformation process 

(cooperation with R. Hain, Monheim). A.MPTtest 
The regenerated plant L2 was analyzed together with the antibody plants nt the NPT test 
and the re,a,ive activity determined (see Figure nl/20). It also tamed out in later NPT testi >« 
Urese plan,s bom from me greenhouse and from the stenle culture mat ftey have a yW* 
,eve! of expression (the highest of a,! plants), bu, are no, inducible. In me Southern hybndrzation 
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analysis, only the correct bands were found. The base level of expression increased with 
increasing age of the plant. 




Figure m/20: NPT test in comparison of regenerated transformants. The lowermost 
stem piece in each plant was freshly analyzed and the next higher one induced in 
two halves for 5 days only with wounding onM + S medium or with hormone addition 
(1:12, 4-D and kinetin 10" 5 M). The CaMV 35S-NPT II callus serves as comparison. 

Key 1 Lowermost stem piece, fresh 

2 Next higher stem piece, l A, 5 days induced by wounding 

3 Next higher stem piece, l A, 5 days induced with 1 :1 hormones 

3 1 1 Integration analysis of antibody plants by Southern hybridization 

The isolated genomic plant DNA (see 2.10.1) is digested with restriction enzymes -here 

double digestion with Eco RI and Hind HI - separated on 0.7% TBE agarose gel and transferred 

to a membrane filter by Southern blotting. 

Hybridization occurs with a radioactively labeled specific probe (see 2.10.2) under 

adjusted washing conditions. The biotin labeling was repeatedly used and different washmg 

conditions tested, but a satisfactory, reproducible result could not be achieved and routine 
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applicability would actually be expected of the sensitivity of the system. For tlus reason, 
radioactive labeling was resorted to in this case. The 0.9-kb Sal I fragment from P SR 1-16 (light 
chain gene with signal peptide (LC probe) was used as the probe for the light cham and the 
1 7-kb Hind m fragment from pSR 3-10 (heavy chain gene with signal peptide (HC probe)) was 
used for the heavy chain. As a result, a hybridizing band of 3.4 kb is expect^for the light cham 
and one of 1 .95 kb for the heavy chain. 

Only plants that show an intact integration pattern according to DNA analysis were used 

for further analysis. 

3.12 Integration analysis of lysozyme plants by Southern hybridization 

The investigation was conducted according to the same method as in 3. 1 1 . The plant 
DNA in this case is only digested with Eco RI. The 0.67-kb Sal I fragment from pSR 2-12 (T4 
lysozyme gene with signal peptide (lys probe)) served as the hybridization probe; two 
hybridizing bands of 8.7 kB and 0.57 kB size are expected. In the case of plant L2 these bands 
are precisely obtained, and for plant LI roughly 9-kb and 2.4-kb bands are found. A 
rearrangement therefore appears to have occurred here and no cross-hybndizmg bands are 
observed with W38 DNA (see Figure 111/22). 



— 




Figure HI/21: Southern hybridization. Analysis of genomic DNA from transformed pSR4-3 

tobacco plants. 

a) Graphic depiction of restriction fragments 

b) Typical hybridization pattern of an antibody plant 

(For the HC probe a 2.4-kb band that cross-hybridizes with wild-type DNA was not used 
for evaluation (marked "x")) 
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Figure 111/22: Southern hybridization. Analysis of genomic DNA PSR2-4-transformed tobacco 
plants. 

a) Graphic depiction of restriction fragments 

b) Hybridization pattern of lysozyme plants 

3 1 3 Transcription analysis by Northern hybridization 

A transcription analysis using leaf material on light chain RNA and lysozyme RNA was 
conducted both for most of the antibody plants and for plant LI. For this purpose, the total RNA 
was isolated according to 2.1 1.1 from the leaves and separated on a formaldehyde-agarose gel 
(see 2 11.2). Hybridization occurs as described in 2.1 1.3 with radioactively labeled probes. 
However, no bands could be obtained. This is explained in retrospect by the extremely weak 
expression of the T R double promoter, under whose control both genes are, in the leaves (see 
3 6) In cooperation with J. Logemann (Cologne), transient expression of the lysozyme construct 
pSR 2-4 in tobacco protoplasts (see 3.10) was also investigated on the RNA level. A plasrmd that 
contains the lysozyme without signal peptide under the control of CaMV 35S as promoter served 
as control (furnished by A. von Schaewen, Berlin). With this control plasmid, a band could be 
seen in Northern, but not with P SR 2-4. This could be attributed to the fact that the protoplasts 
were incubated for 3 days, but it was recently found that the optimal incubation and express^ 
time for the double promoters in particular, contrary to previous data, is about 1 day (R. 
Masterson, M. Prols, D. Wing, personal communication). Accordingly, only a weak signal could 
be found after 3 days in the NPT test (see 3.6). For a new test system with potato stems in 
transient expression during an infection with agrobacteria, the same DNA was avaUableXJ. 
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Logemann, dissertation in preparation). In this case, a hybridizing band could be repeatedly 
found with plasma pSR 2-4 in the Northern blot). 

3 14 Expression analysis of antibody plants by Western blotting 

For the analysis of the transformed plant tissue for the presence of thought proteins, 
immunological detection methods like Western blotting should be used. For Ratification of the 
indmdual chains of B 1-8 in the entire molecule, a number of different polyclonal and 
monoclonal antibodies are available (furnished by A. Radbruch): 

Ls 136: monoclonal antibody that recognizes the light chain in undenatured form (also 

individually) . 

anti-X, biotinylated: polyclonal antibody for detection of the light chain m native or 

denatured state . , 

anti-ulg, biotinylated: polyclonal antibody used for detection of the heavy chain but also 

weakly recognizes the light chain 

Ac 38- monoclonal antibody whose epitope is formed from both chains of B 1-8 and lies 
near the active center; it recognizes only intact B 1-8 with the correct tertiary and quaternary 

structure 

Ac 146- monoclonal antibody that recognizes a structure in or in the immediate 
surroundings of the active center of B 1-8; possibly an isolated heavy chain can also be 
recognized in extremely limited frequency 

NP/NIP- haptens for B 1-8, the monoclonal antibody B 1-8 was formed opposite the 
hapten NP, but exhibits heteroclytic properties and recognizes the related hapten NIP with 

greater affinity 

(Reth, 1981, personal communication) 

Due to the expected low relative percentage of sought protein in the total protein, 
sensitive detection methods had to be developed. For this purpose, a nonradioactive detection 
system, which is compatible with the system for DNA hybridization described in 2.7.5 and 3.3, 
was worked out for detection of proteins on nitrocellulose and Immobilon membranes 

As already mentioned there, alkaline phosphatase is the most sensitive currently known 
detection enzyme and is more sensitive by roughly a factor of 50 than the most widely used 
peroxidase. Our own studies also showed that in a direct comparison between alkaline 
phosphatase-coupled second antibody and biotin-labeled second antibody with alkaline 

This combination permits the same sensitivity as the very demanding radioactive labeling 



with 125 I. 
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By using 1% gelatin as the blocking reagent in TBST buffer, a fairly low background 
coloring can be achieved. It is important here to work under mild conditions (as stated here) so 
that bound proteins are not washed out again from the membrane under the selected conditions. 
The presence of Tween 20 during the entire incubation and washing reduces the nonspecific 
signals additionally. By replacing nitrocellulose with the Millipore Immobilon B^mbrane, the 
background colors attributed to mechanical damage are reduced to a minimum and contrast is 
also increased. The method described in 2.12.8 offers a highly sensitive analysis method for 
immunodetection under problematical handling. The absolute detection limits depends strongly 
on the corresponding proteins and the employed antibodies. For detection of the light chain from 
B 1-8 with a polyclonal biotinylated mXi-X antibody, a sensitivity of about 30 pg light chain can 
be achieved in the dot test. However, other combinations can produce much less sensitive 
detection limits. 

In combination with the immunological part of Western blotting, a time and cost-saving 
new blotting method, semidry blotting (Kyhse-Andersen, 1984), was worked out and used. 
Transfer of the proteins from the polyacrylamide gel membrane occurs according to the same 
principle, but only with moistened filter paper between two carbon electrodes, and the time is 
shortened from at least 16 h to only 25 min. Because of this, large amounts of blotting paper are 
saved and during use of minigels, a Western blot could be completely conducted in one day. 

Comparison of the maximal activity of the double promoter estimated in this work by 
promoter analysis (see 3.6), which is comparable to that of CaMV 35S promoter (about 0.1% of 
the total protein), makes it clear that only under optimal conditions (strongly active tissue) can a 
direct detection of the light chain be possible from the crude extract in the Western blot. Since 
the NOS promoter could not reach the activity of the double promoter even during good 
induction, a direct detection from the crude extract is not to be expected under any circumstances 
.in this case. 

A method therefore had to be developed that permits the sought protein to be enriched 
from the crude extract before Western blot or preferably to be isolated and concentrated to 
detectable concentrations. An affinity chromatographic method offers the best possibility of 
conducting a clean isolation with simple aids. Most of the other available methods permit only 
partial enrichment of the protein being analyzed or require greater apparatus expense. In 
addition, the method must be suitable for investigating larger numbers of samples with tolerable 
expense. 

The series of different first antibodies for immune reaction with the sought proteins can 
be easily immobilized on CNBr-activated Sepharose 4B (see 2.8.3). An appropriate matrix is 
then available for their binding. The plant material is homogenized in liquid nitrogen in a .mortar 
with a pestle and transferred to a centrifuge tube. The powder is mixed there with extraction 
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buffer and PVPP and extracted for 1 5 min on ice. The polyvinylpyrrolidone (PVPP) binds 
phenolic compounds without also absorbing the sought proteins; other materials, like Dowex 
lX2-ion exchange resin, which was also tested, could not be used because of binding of these 
proteins. For protection against proteases which are liberated in larger amounts from the 
vacuoles, protease inhibitors must be added. A mixture of PMSF, leupeptin^ainst serine 
proteases), pepstatin (against acid proteases) and EDTA (against metalloprbteasQs) should 
convey adequate protection. 5 mM ascorbic acid is also added for protection against oxidizing 
substances in the crude extract. 100 mM PBS is used as buffer for the soluble extract. If 
membrane-bound or proteins enclosed in the membranes are also to be liberated, a detergent 
must be added. For this purpose, 1% Triton can be used or preferably 10 mM CHAPS. After 
centrifuging of the extract to 10,000 rpm, the supernatant is diluted to 1:5 and rolled on aDenley 
roller at 4°C for 30 to 60 min. During this time part of the dissolved oligosaccharides precipitate 
from the plant extract. This precipitate is centriruged and protein determination is carried out in 
order to have equal total amounts of protein in the experiment and control. After overnight 
incubation of the corresponding affinity gel at 4°C on the Denley roller, the bound protein is 
eluted in an Eppendorf flask under appropriate conditions and concentrated by ultrafiltration. 
After addition of SDS probe buffer, the finished probe is applied to Western gel and analyzed. 

During immunodetection of the filter-bound proteins, nonspecific signals can occur with 
the first and second antibodies from overcharging and saturation phenomena; streptavidin gave 
no nonspecific signals in one test. These can be reduced or entirely eliminated if, on the one 
hand, the filters are washed after incubation with the antibodies with 1M salt solution 
(TBST/1M NaCl) and on the other hand, and much more effectively, the nonspecific binding 
sites of the antibodies, by preincubation of the antibody solution, are saturated with a wild type 
plant extract for 10 min at room temperature. Moreover, 0.1% Triton X-100 and 0.1% Tween 20 
can additionally be used as the detergent. 

A simple rapid analysis is tissue printing (Cassab and Varner, 1987). By pressing out 
tissue parts on a membrane, all the present proteins are essentially bound. There are no problems 
with this as in the production of extract. By using this method for calli obtained from 
transformed plants (A5, A10), positive signals for all the sought proteins can be found (light 
chain, heavy chain, and aggregated antibodies B 1-8), in which case the chlorophyll staining was 
clearly covered by the color development of alkaline phosphatase. By saturation of the employed 
antibodies as wild type extract, no cross reactions develop for the control spot and the green 
color of the chlorophyll remained visible. Positive signals for the light chain can be seen both 
with a polyclonal anti-X and with monoclonal Ls 136 (anti-X) antibodies. With the polyclonal 
anti-ulg antibodies, the presence of the heavy chain could also be detected. By detection with the 
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Ac 38 antibody directed specifically against an epitope close to the antigen binding site in B 1-8, 
the presence of aggregated B 1-8 produced by . 

By direct Western blotting from the crude extract of calli or induced plant material, only 
unsatisfactory results can be achieved. Only the detection of processed light chain _w» pebble 
for different callus material. By using affinity chromatographic purification withfP Sepharose 
and then Western blotting, the presence of a functional aggregated antibody to be.indirectly 
demonstrated from induced leaf material of a greenhouse AID plant indirectly by defection of the 
light cham from isolated, biologically active hapten-bound plant B 1-8 was determined. Just 
beneath the band for the light chain a cross reaction unexpectedly occurred. Repethon of the 
experiment with A5 tissue with addition of CHAPS led to a cleaner but very weak band for the 
light chain from a larger charge of induced leaf material (50 mg total protein); the protein was 
purified both with Ls 136 (only light chain) and with NP Sepharose (functional aggregated 
antibodies). The signal of both analyses corresponds to processed light chain. In no case was 
such a band seen in the control with the wild type extract. By indirect detection of isolation of 
the functional antibody with hapten detection of the light chain contained in it, it could be 
demonstrated that plants are capable of synthesis of active monoclonal antibody whose 
individual chains are fused with a plant signal peptide. 

The difficult reproducibility of biological material is particularly clear in these analyses, 
precisely when inductions must be carried out. The total found amounts of antibody protein lies 
in the lowermost range of the detection limits and therefore form only a very limited fraction of 
the total protein of the transformed plants. 
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Figure 111/23 : Western blotting of transgenic A plants 

a) Crude extract of Al 1 callus 

b) Crude extract of W38 callus 

c) Positive control: purified B 1-8 

a-c) All tissue samples were extracted in denaturing probe buffer at 95°C, detection with 

biotinylated anti-A. antibodies 

d) Detection of functional B 1 -8 and induced greenhouse leaves (A10) by affinity 
chromatographic purification with NP Sepharose and denaturing Western blot from PBS extract, 
detection with anti-A. antibodies 

e) , like d) Negative control with W 38 leaves 

f) 'and g) Analysis of 10 mM CHAPS-PBS extract from induced greenhouse leaves (A5) 
by affinity chromatographic purification and denaturing Western blot, detection with anti-X 
antibodies, 

f) Detection of light chain with Ls 136 antibodies 

g) Detection of functional B 1-8 with NP Sepharose 

h) and i), like f) and g) Negative control with W 38 leaves. 

3.15 Expression analysis of lysozyme plants by Western blotting 

For analysis of lysozyme plants, the same techniques and principles were used as for the 
antibody plants and are described in 3.14. 

For immunodetection of T4 lysozyme, a polyclonal anti-T4 lysozyme antibody was 
produced by injection of protein expressed in bacteria (furnished by R. Wetzel, Genentech). TTus 
was purified as described in 2.8. Despite purification via an affinity column, this antibody easily 
enters into cross reactions with the larger available amounts of nonspecific proteins and must 
therefore be appropriately pretreated. 
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By tissue priming (Cassab and Vamer, 1967), both specific signals could be obtained, 
since despite all saturations and washings, coloring always occurs in the controls. 

Direct detection of T4 lysozymes in crude extracts should be readily posstble alter 
saturation of the promoter activity in the calli and also in strongly active leaf material, but ,s 
hampered by the occurrence of many cross-reacting bands in the Western blot. Qfly very weak 
signals could be obtained with this method which convey specificity. From highly active call., 
obtained by direct DNA transfer, very weak bands could be seen with the srze of the T4 
ly sozyme applied as reference (produced in bacteria) (18.7 kDa), with a size of about 21 kDa and 
about 23 kDa. All intensities, however, lie a. the outermost limit of the de.ect.on poss.b,hty and 
fcerefore indicate much lower presence of the sought protein than expected. As aresuh, 
processed and nor.glycosyla.ed T4 lysozyme must be present in the plan, cells mi A. 21 kDa 
bands correspond to its precursor protein which still contains tie signal pept.de. In the extremely 
weak 23 kDa band, a glycosylated T4 lysozyme must be involved in which no assemon can be 
made concerning processing. Because of the tow signal intensity, these taU. can only be 
documented photographically with considerable difficulty. 

The detection of T4 lysozyme by Western blotting after enrichment by the affimty 
chromatographic method did not lead to success either without detergent or w,th Tnton or 
CHAPS although high NPT activity had been found in similar tissue. Since the presence of the 
sought protein in the plan, tissue could be demonstra.ed withou. doubt and U.e T4 lysozyme . 
stnitiLarily localized in the iu.erc=,.u,ar space (see 3.17), <he nomdenUfiab.!,* of*, protein 
in .he Weslem blot after previous preparations of crude extract can only be aft.bu.ed to 
solubility, which cannot be eliminated by detergents, or to instability. On the ofter hand te 
variability of expression from cell to cel. determined in inununogold labehng can also lead to 
only a low overall frequency of T41ysozymes. 

Because of the difficult detection, no assertion can be made concerrung the raho of tee 
' found forms ofT4 lysozyme (nonglycosylated-nonprocessed 
a giycosylated form). The question is raised whether the g.,cosyla.ed and nonglycosylated forms 
had different behavior relative to secretion. 
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Figure ni/24: Detection of T4 lysozyme in a callus obtained by naked DNA transfer from a 
CHAPS-SDS crude extract by detection with anti-T4 lysozyme antibodies. 

a) Transformed callus, 

b) SRI wild type callus. 

c) Positive control: T4 lysozyme purified and produced in bacteria (furnished by R. 
Wetzel). 

3.16 Localization of formed antibodies by immunogold labeling 

All preparations and the immunogold labeling were conducted in cooperation with Dr. 

Sigrun Hippe (Aachen). 

Modern low temperature electron microscopy uses the specially developed Lowicryl 
synthetic resin from a few years ago for localization of membrane-bound and also dissolved 
compounds in biological tissue as in embedding agents (Kellenberger et al., 1980; Carlemalm 
et al., 1982). Lowicryl K4M is a polar and Lowicryl HM20 a nonpolar embedding resin. The 
major advantage consists of the good infiltration capability of biological material and UV 
polymerization at low temperature. This mild preparation retains the ultrastructure of the 

embedded tissue excellently. 

Comparison of Spurns resin with Lowicryl HM 20 in preparation of suspensions of the 
phytopathogenic fungus Ustilago avenae during cryofixation in the propane jet demonstrates the 
improved structure retention (Hippe and Hermanns, 1986; Hippe, 1987). For the present 
problem, i.e., detection of foreign proteins present in relatively limited amounts in compact plant 
tissue (stem, root, leaf tissue), the preparation conditions had to be adjusted. The first attempt 
with the propane jet, which is well suited for cryofixation of plant cell monolayers (Hippe, 1985) 
did not lead to adequate retention of cellular structure. In addition, it had to be kept in mind that 
the sought protein is both bound in the cell and also secreted into the intercellular space, i.e., can 
be freely mobile. A conventional preparation at room temperature, like the PLT technique 
(progressive lowering temperature) is therefore ruled out, since both methods do not rule out 
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extraction of soluble cell and tissue components. Water-rich plant tissue can be frozen with the 
mentioned methods, as successfully used for the cell monolayer, but not optimally, since despite 
repeatedly modified attempts ice crystallization and the related partial destruction of tissue could 
not be prevented. A glass-like solidification (vitrification) of the tissue requires a shock freezing 
rate of 5 000-10.000°C/sec). By using high pressures, the required freezing rate ^i be reduced 
from the preparation. The high-pressure freezing method was developed by H. Moor <Zurich) in 
cooperation with the Balzers Co. (Balzers HPM 010) and this apparatus is the best one now 
available that meets the above requirements and optimally vitrifies the tissue samples up to 
20 pm thick (Moor, 1987). All required probes for immunogold labeling were therefore prepared 
in the laboratory by H. Moor (Zurich) by means of the HPF method (high-pressure freezing) on 
the Balzers HPM 010. The structure retention found in the investigated preparations is excellent. 
For trouble-free localization of the sought proteins for detection of secretion, this is an absolute 

requirement. . 

After freezing substitution in acetone, low-temperature embedding in Lowicryl HM 20 
resin and polymerization under UV light -35°C occur and thin sections are prepared at room 
temperature by means of a diamond blade and trapped on filmed and carbon-sputtered nickel 
grids The immune reactions were adjusted to the experiences from Western blotting. All 
employed gold preparations came from the Janssen Co. The electromicroscopic analysis was 

then conducted (see 2.13). 

For analysis of the A plants, it must be considered that the two genes for the light and 
heavy chains of the B 1-8 antibody are under the control of two different promoters. As 
mentioned in 3.6, the two promoters (pT R and pNOS) can achieve roughly the same expression 
in induced leaf tissue and a double promoter can there possess roughly five to six tunes the 
strength of the nopaline synthase promoter under particularly favorable conditions. Greater 
differences, on the other hand, are possible in calli, because the double promoter experiences a 
significant activity increase there in contrast to the NOS promoter. 

As a result, analysis of calli only made sense with detection of the light cham. For 
detection of intact'antibodies, induced stems can be used because of the on average better 
structuring of the plant tissue relative to callus tissue. 

The observed results are based on analysis of some sections of callus tissue with the 
LS 136 antibody (anti-X) and induced stems with the Ac 38 antibody (anti B 1-8). The employed 
first and second antibodies, as well as streptavidin unexpectedly exhibited distmct nonspecific 
binding in the controls which is not the case in the polyclonal anti-T4 lysozyme antibody (see 
3 17) and is therefore in contrast to the experiences from Western blotting (see 3.14 and 3.15) 
By using different blocking agents (gelatin, lysine, W 38 wild-type extract, goat normal serum), 
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however, cleaner controls could finally be obtained. This is an absolute requirement for clear 
interpretation of the labelings at the low signal frequency found in these analyses. 

Ultrathin sections of induced stems of plant A5 were incubated with Ac 38 antibodies in 
gold-adsorbed anti-mouse IgG antibodies (G 10). The controls did not exhibit nonspecific 
labeling. Labeling in this preparation is associated with the endoplasmic reticulum and is 
surprisingly found in chloroplasts in labeling-free surroundings. Each chlortp^ast contains about 
10 to 20 gold particles, often localized on thylakoid membranes. Sections of A5 callus tissue 
were incubated with biotinylated Ls 136 antibodies and then with streptavidin gold (G 10). 
Conspicuous labeling is found here in accumulations of 3-10 gold particles in the cytoplasm 
which such accumulations not being seen in the controls. In none of the analyses thus far has 
labeling been found in the vicinity of the cell walls or in the intercellular space or an indication 
of association of antibodies or the light chain with the Golgi apparatus or vesicles. 

Further detailed analyses with both antibodies will provide information concerning the 
statistical significance of the observed signals and permit a more extensive localization. 

By means of the available data it must be stated that synthesis and assembling of a 
monoclonal (B 1-8) antibody whose light and heavy chains are fused with a plant signal peptide 
occur in the plant cells on the rough ER and detection occurs with Ac 38 antibodies directed 
against the intact B 1-8. By incubation of the Ls 136 antibodies, the light chain could be detected 
both in isolated form and bound in aggregated B 1-8 antibodies. By comparison with the Ac 
38-labeled preparation in which no free cytoplasmic labeling has thus far been found, it is 
assumed that at least partially isolated chains are involved which are localized freely in the 
cytoplasm. Aggregated B 1-8 antibodies are also found in the chloroplasts, since the relative 
percentage of gold particles bound there is very high relative to the total number. In comparison, 
this percentage is very low for T4 lysozyme (see 3.17). Together with the data from Western 
blotting, it is therefore clearly demonstrated that synthesis and assembling of a monoclonal 
antibody is possible in plants, at least during fusion of the individual chains with a plant signal 
peptide. 



Figure EO/25: Localization of B 1-8 antibodies and their light chain by immunogold 
labeling. A5 and W 38 wild type stem tissue (induced) and callus, prepared according 
to 2.13, labeling either the Ac 38 and gold-adsorbed anti-mouse IgG antibodies 
(G 10) (a-c, f-g) or with biotinylated Ls 136 and streptavidin gold (G 10) (d-e). 

a) A5 callus: endoplasmic reticulum with labeling (1:35,000/ Ac 38) 

b) + c) A5 lowermost stem piece induced: typical labeled chloroplasts (1:18,000 to 
1:26,000/Ac38) 

d) + e): A5 callus: accumulated cytoplasmic labeling (1:38,500 to 1:48,000/Ls 136) 
f)-g): W 28 wild type control 

f) Cytoplasm with endoplasmic reticulum (1:1 7,000/ Ac 3 8) 

g) Chloroplast (1:30,000/Ac 38) 
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3.17 Localization of formed T4 lysozyme by immunogold labeling 

With the method of low temperature-high pressure preparation described in 3.16, calli 
and leaves, fresh stems and induced ones, as well as roots, from the plant L2 were frozen. The 
most promising samples after the NPT test of adjacent tissue pieces were both the induced stems 
and leaves and the fresh parts and calli: the highest activity was exhibited rmthe induced stems 
and these samples were therefore chosen forfirst examination. In Acetabtd3ia t fhe anti-T4 
lysozyme antibodies used here were already successfully used to detect T4 lysozyme produced 
there in indirect immunofluorescence. Because of this analysis, it was known that production of a 
protein that is recognized specifically by this antibody and therefore must be identical to T4 
lysozyme is possible in plant organisms. Since localization of foreign proteins in transgenic 
plants has still not been described in the literature, the degree of expression in relation to the 
expected signal was an uncertainty factor. Moreover, different antibody systems produced 
differently strong signals with the same presence of antigen. The highest expressing plant parts 
were therefore initially used for investigation. 

In samples of induced stems, alternating strong signals were found for T4 lysozymes. By 
corresponding blocking of nonspecific binding types of this antibody with wild type W 38-PBS 
extract, cross reaction can be ruled out. In the controls only in normal, extremely limited and 
statistically distributed frequency of nonspecifically bound gold particles occurred. The promoter 
intensity obviously varies from cell to cell, since both strongly expressing and weakly expressing 
cells are found in one preparation in the series section. This can be attributed to the worked out 
(see 3.6) hormone-dependent expression of the double promoter, if one assumes that the 
hormone ratios can vary from cell to cell. However, other factors possibly also play a role here, 
including damage of the cells by produced T4 lysozyme. 

Immunogold labeling (see Figure 111/26) is found in strongly concentrated form in the 
intercellular spaces of the stem cells, while the gold particles are associated with filament-like, 
network-like structures. They start sometimes from the cell wall and enter the interior of the 
intercellular space and sometimes branch off and, on the other hand, are present in isolated 
fashion in clusters in the interior. The structures are very likely associates of either pure T4 
lysozyme or are in conjunction with other proteins and are not found in the controls. Significant 
numbers of gold points are found in isolated form in the cytoplasm. They are situated on 
filamentary structures, mostly on the periphery of the cell. Characteristic accumulations of gold 
labelings occur in and in the vicinity of plasmodesmata and in this way the synthesized T4 
lysozyme is distributed within the cells. Labeled structures are observed differently in the 
cytoplasm, which must be viewed as crystallized lysozyme. Gold labeling was strikingly 
detected in series section in proplastids of the phloem on strongly electron-dense, filamentary or 
crystalline structures. The crystalline structures in the cytoplasm and in the proplastids are 



97 



similar to each other. Weak labeling can also be observed in the chloroplasts. A weak labeling is 
also found in isolated fashion in the cell walls. The gold points are homogeneously distributed in 
the phloem cells in the vicinity of the cell wall and transported T4 lysozyme occurs here through 
the entire plant. In particular, cells in the region of labeled lysozyme-rich intercellular areas 
exhibit intracellular labeling. ^ 

The production of T4 lysozyme in plant cells was therefore clearly confirmed. The 
protein is obviously not produced cytoplasmically, but in secretory fashion and secreted by the 
endoplasmic reticulum. The largest part of the produced T4 lysozyme is localized intercellularly, 
but part is obviously stored by the plants in the phloem proplastids and also cytoplasmically. 

Gubler et al. (1987) revealed, with immunofluorescence and also immunogold labeling, 
the localization of a-amylase in aleurone tissue in the resting state and after induction with 
gibberellic acid. Previously the same labeled regions were described there: fluorescence in the 
cytoplasm at discrete sites, accumulated in some regions, but of the same type in all cells, after 
induction also in the vicinity of the internal cell wall. The cytoplasmic fluorescence occurs in 
special strand-like structures, generally in the periphery of the cell; the signal in digested cell 
wall regions are associated with the plasmodesmata. By immunogold labeling, strong hydrolysis 
of the cell wall and labeling around groups of plasmodesmata could be refined and a larger 
number of gold points could be detected in the vicinity of the plasmodesmata in undigested wall 
pieces. Localization in proplastids or chloroplasts has thus far not been reported. It can stated as 
a result of immunogold labeling on stems of the L2 plant that the specificity of localization of 
a-amylase from barley in aleurone tissue is also retained for the signal peptide used with T4 
lysozyme in the stem tissue of tobacco plants. The T4 lysozyme is also found in the intercellular 
space and has therefore passed through the cell wall and has been efficiently secreted. The size 
of a globular protein, which can still pass through pores of the cell wall is estimated at about 
3.8-4.0 nm diameter with a molecular weight of about 17 kDa (Gubler et al., 1987), and T4 
lysozyme has a molecular weight of 18.7 kDa. 

The objective of this project, to permit secretion of the protein in plants by fusion of T4 
lysozyme of a prokaryotic protein to the signal peptide of a plant protein, was therefore achieved. 
Passage through the cell wall is obviously made possible by the still suitable size of the protein* 
which in the case of a-amylase is no longer possible and occurs only by gibberellic acid-induced 
hydrolysis of the cell wall. Characteristic details of secretion of a-amylase, which were only 
recently described, are also maintained in these plants produced by genetic engineering, which 
permits interesting conclusions concerning the method of functioning of signal peptides, at least 
in plants. The localization of the foreign protein in obviously crystallized form in proplastids of 
the flowing region is an important interesting secondary phenomenon. 
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Figure m/26: Localization of T4 lysozyme by immunogold labeling. 
L 2 and W 38 wild type stem tissue prepared according to 2.13, labeling 
with anti-T4 lysozyme antibodies and protein A gold (G 10). 
a)-i): L2 lowermost stem piece 

a) Intercellular space with strong gold labeling (1 :14,000) 

b) Localization of T4 lysozyme on filamentary network-like structures in the intercellular 

space (1:64,000) 

c) Labeling in cytoplasm (1:41,000) 

d) Labeled needle-like crystals in cytoplasm (1 :62,500) 

e) + f) Proplastids with labeled crystalline inclusions (1 :21,000 to 1:35,000) 

g) Chloroplasts with labeling (1 : 16,000) 

h) + i) Concentrated accumulation of gold particles in the cell wall region of phloem cells 

(1:43,000 to 1:35,000) 

k) Detection of T4 lysozymes in plasmodesmata (1 :34,000) 

l)-n): W 38 wild type control 
1) Section from a cell (1:24,000) 
m) In cytoplasm section (1 :41 ,000) 
n) Intercellular space (1:1 8,000). 

IV. Discussion 

The task posed in the present study of expression, assembling (in antibody) and secretion 
of single and multiple-chain proteins not endogenous to plants in Nicotinic tabacum could not 
be solved without developing modern highly sensitive detection methods and carrying out 
activity analysis of the employed promoter. 



101 



All constructions were based primarily on the use of Tr-1',2 1 double promoter (Velten 
et al., 1984; Velten and Schell, 1986), which at the time of construction was considered as a 
constitutive, strongly expressing promoter and had been constructed from the 
selection-expression vectors (Velten and Schell, 1986). The neomycin phosphotransferase D 
(NPT) gene is available in the T position as selectable marker and reporter gene^he relative 
intensify of expression of the gene being tested clbned in the 1' position can be checked with 
this. Thus far it was only known that both promoter directions are expressed equally strongly m 
calli (Velten et al., 1984; Velten and Schell, 1986). M. Prols and R. Topfer (personal 
communication) in the mean time also tested transient expression in carrot protoplasts and here 
also found equivalent activity of both directions in comparable intensity of this promoter with the 
CaMV 35S promoter that was then recognized as the strongest constitutive promoter, i.e., about 
0.1% of the specific protein in total protein. The same applies for expression of these two 
promoters in calli. 

The T4 lysozyme gene and the gene for the light chain of the monoclonal antibodies were 
cloned in the 1' position of the vector pAP 2034 (Velten and Schell, 1986). For the heavy chain 
of the monoclonal antibody, the nopaline synthase promoter from T-DNA of Agrobactenum 
tumefaciens was chosen as the second available promoter. The genes for both chains were cloned 
into a plasmid. 

After a few RNA and protein analyses were conducted without success, there were 
indications that the T R double promoter is not expressed constitutively, but in differentiated 
fashion in intact plants and also through induction by plant hormones (A. Szalay, C. Koncz, 
personal communication). An activity analysis of this promoter was then undertaken in order to 
clarify under which conditions expression is to be expected at all and which activity overall can 
be achieved in the different tissues and under which culture conditions. The starting point for the 
induction analysis was the assumption that the promoter is inducible by auxins and/or cytokmins 
(A Szalay C. Koncz, personal communication). As described under 3.6, a series of different 
hormone concentrations and ratios were tested under different conditions and with different 
tissue parts for induction, as well as fine-structure for all possible parts of the sterile culture plant 
with the NPT test to their relative activity. Comparison for quantitative estimation of the 
expression level was plotted in each case with the extract of the 35S NPT callus. The following 
picture emerges as a summary of all these experiments: the double promoter is expressed in the 
intact plants increasingly from the top down in an activity gradient. Tissue-specific expression 
cannot be spoken of, since higher signals are not only measured from the roots, but also from the 
lower part of the stem and sometimes also from the lowermost leaf. The expression pattern in the 
different regenerated transformants, which all start from the same vector pAP 2034, is very 
different. A large part exhibits the highest activity in the transition region from the stem to the 
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roots, another part, however, exhibits higher activity only in the roots. Only sometimes do we 
also detect good activity in the lowermost leaf (especially on the front edge), but only slightly 
higher expression prevails here than in the other leaves. The differentiated activity distribution 
obviously also depends on the development state of the investigated specimen of a plant. The 
increase in activity in the double promoter in the transformed plants from theiop down 
qualitatively agrees with the previously known data from A. Szalay. -" 

The studies on inducibility of the promoter led to a positive result. It can be achieved 
both by wounding alone and by addition of plant hormones. 2,4-D and kinetin 1 :1 in a 10" 5 molar 
concentration proved to be the optimal hormone combination. These conditions were tested by 
incubation on the base of cutoff leaves in liquid M + S medium with and without additives. In 
this case, efficient induction is obtained only with hormone addition. The promoter behaves 
differently when the leaves are cultured on solid medium with and without additives cut into 
small pieces. No difference can then be found between the two conditions and both times the 
same induction is achieved. If cut stem segments are used for induction, the same effect without 
differences is obtained. It must be concluded from this that the induction factors depend on the 
ratio of wound surface to total tissue. In whole plants, this ratio is extremely low, in cut stem 
segments it is highest and the inducibility is increased accordingly with an increase in this ratio 
from whole leaves via leaf strips to leaf pieces. Generally all tissues, whether from the 
uppermost or lowermost leaf, are capable of achieving the same level of expression. 

Extending these results, the very high expression in calli (which are cultured on 
exogenous hormones) and the good transient expression in protoplasts fit with the previously 
described data. Calli are the natural environment in which after infection of wounded plants the 
opine genes of the transfer T-DNA from Agrobacterium tumefaciens are activated (Gelvin et al., 
1981). The hormone ratios and thus growth of this crown gall is coded and controlled by the 
genes 1,2 also coded by T-DNA (for auxin synthesis) (Schroder et al., 1984; Kemper et al., 
1985) and gene 4 (for cytokinin synthesis) (Akiyoshi et al., 1984). The morphology of such 
tumors is determined by the amount and ratios of the produced plant hormones (Amasino and 
Miller, 1982; Aktyoshi et al., 1983). This gives a further indication of the effect of auxin and 
cytokinin on expression of the double promoter. The observed differently high expression in the 
calli of different morphology fits in conclusively: from unorganized to higher organized states, 
expression diminishes, while the hormone ratios in natural tumors of the same texture (Amasino 
and Miller, 1982; Akiyoshi et al., 1983) deviate from the experimentally determined optimal 
values. Unorganized calli possess comparatively lower percentage of auxin and roughly the same 
amount of cytokinin as well organized calli. These measurements, as well as the fact that the 
highest expression in the plant lies not at the tip, but in the transition region from the stem and 
roots, confirm the experimental finding that cytokinin is also necessary for induction. 
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An interesting study in this respect is the recently published study concerning the stability 
of cytokinin in the presence of auxin (Palni et al., 1988). The authors found an inverse 
correlation between the concentration of auxin and cytokinin in plant tissue. Degradation of 
cytokinin occurs at least partially through the enzyme cytokinin oxidase whose activity is 
obviously influenced by the concentration of auxin. The percentage of cytokininjjken up m the 
plant tissue of the total supplied cytokinin is about 30%. The ratios described in fits study offer a 
basis for further detailed mechanistic studies on regulation of the T R double promoter. The 
effective hormone concentrations and ratios in the plants actually appear to be regulated in far 
more complex fashion than would correspond to the exogeneously applied conditions. A specific 
analysis of the background of these data should make it possible to establish the hormone 
conditions that are ultimately optimal for activity of a double promoter. 

In addition to in vitro inductions in sterile culture, an induction on the intact plants could 
also be achieved on greenhouse plants by wounding and hormone treatment. It could therefore be 
assumed that the same mechanisms are activated and the double promoter is induced in vivo 

during wounding from, say, pests. 

The inducing factors naturally could not be clearly identified based on these experiments, 
since the objective was only to work out optimal expression conditions. The effect of wounding 
and of exogenous hormone addition was clearly demonstrated, but it is not clear whether the 
substance acetosyringone synthesized by a wounded plant cell exerts an effect. The fact that 
wounding alone is sufficient for activation of this promoter was demonstrated by numerous 
experiments with stem segments and by cutting of leaves into small pieces. In these experiments, 
no additional increase could be achieved by additional hormones. With a very small wound 
surface, however, induction only occurs by addition of hormones. Endogenous factors alone are 
obviously capable of driving the activity of the promoter to the highest possible stage and these 
conditions apparently cannot be simulated from the outside. However, wounding and hormone 

effects are also involved here. 

Wounding and hormones are each sufficient alone for the exogeneously highest possible 
attainable induction of the double promoter, but both together do not yield an additive effect. It 
therefore cannot be stated which of the two is the primary or secondary effect. It is known that- 
during wounding hormone biosynthesis is activated, for which reason it might be that wounding 
is merely a triggering factor and the forming hormone concentrations and ratios are the 
regulating factor. This hypothesis is supported by the finding that differential expression from 
the top down is also present in intact healthy plants. Auxin biosynthesis occurs in the tip of the 
plant (apical dominance) and that of cytokinins in the roots. Both hormones are transported 
oppositely through the plant so that a hormone gradient is produced. The apical dominance of the 
plant is eliminated by cutting off the tip, the hormone conditions are altered and the activity ot 
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the T R double promoter rises (A. Szalay, personal communication). All these observations 
suggest direct regulation by hormones, however, in which the effect of other (especially 
wound-dependent factors, for example, acetosyringone) are not ruled out, especially for the 

highest possible expression. 

The results from immunogold labeling show that the activity of theteuble promoter 
obviously can also deviate very sharply in neighboring cells. Cells with verVfiigh expression and 
cells with weaker expression were found next to each other. This phenomenon might be due to 
different states of development of the individual cells and therefore opens up additional 
approaches for analysis of promoter regulation. In the case of lysozyme plant L2, this effect can 
also be attributed to effects of the produced lysozyme of different intensity. 

The single lysozyme plant L2 obtained from a leaf disk test shows an abnormally high 
base level of expression in intact tissue in all NPT tests and, unlike all the other analyzed 
transformants, is no longer inducible. At the wounding sites on the lower stem, hard, white (well 
organized) calli repeatedly form, which were sometimes subjected to an NPT test. As expected, 
they exhibited about 1/5 the activity of unorganized soft calli that correspond to the activity of a 
35S NPT callus. A possible explanation would be damage to the cell wall by T4 lysozyme 
synthesized by the plants, which could cause a persistent state of wounding (see below). This 
demonstrates that the induction conditions worked out in vitro also occur in vivo without 
external additives and lead to the same results. 

All previously discussed results refer to analysis of the 2' position of the double promoter. 
In order to also test the asserted and thus far detected equally high expression of the 1' position 
only in calli, only transformed plants could be resorted to that contain the 1' NPT gene in an 
environment other than the previously investigated 2' NPT gene (furnished by G. Coupland, 
Cologne). No general differences in expression and inducibility were found for these plants. 
However, a systematic study with a construction that makes both directions in a plant analyzable 
and correlatable is necessary and being set up (R. Masterson, personal communication). 

Transfer of the tests just described to the NOS promoter (Depicker et al., 1982; Bevan 
et al., 1983), despite all previous publications that describe it as clearly constitutive (see Sanders 
et al., 1987), was successful. Such a relation does not appear illogical, since both promoters 
control the genes for synthesis of opines and both are components of the T-DNA of the Ti 
plasmids from agrobacteria. The magnitudes of the maximum inducibility in the NPT tests differ 
clearly (pT R up to 170x and lOOOx, pNOS up to 20x), but the factors for exogenous induction as 
well as the base states of expression of both promoters are of the same order. 

Harpster et al. (1988) just published a comparison of CaMV 35S 1', 2' and NOS promoter 
on the RNA level by primer extension analysis. However, this study was only conducted in calli. 
Differently strong signals for the 1' and T position of the double promoter were found in tobacco 
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calli The 35S promoter as a result is about two to three times as strong as the 2' position, but 
about 10 to 15 times stronger than the 1' position and for the NOS promoter only slightly lower 
values are found. The promoter strengths are therefore arranged in two groups, in which the T 
position is somewhat weaker than the 35S promoter and the r position as well as the NOS 
promoter are about equally weak (10% of the 2' activity). The found ratios for S^'and NOS 
promoter do correlate with those of Sanders et al. (1987), but the values for the double promoter 
are not consistent with the already known values and the ones measured in this study from the 
enzyme test. The measurement might also be influenced by the regulated expression of the 
double promoter, which is not considered, since no culture conditions are stated and no 
conclusions can be drawn concerning this. This again demonstrates the importance of activity 
analysis of both promoter directions in one transgenic plant and callus and protoplasts cultivated 

from it. .. . 

The molecular regulation mechanisms require a detailed analysis, which is being 
conducted for the T R promoter by R. Masterson (personal communication). The differences 
between P NOS and P T R suggest that the promoters could differ by the number of activating 
elements Whereas the effectiveness of a conserved element that both possess could be imagined 
for the common regulation mechanism, the presence of a second activating element that must be 
regulated by additional effects would be conceivable for the also strong activation in calh of 
protoplasts. For an analogous 2> promoter of T R -DNA from P TiB 6 806 (another Ti plasmid), 
DiRita and Gelvin (1987) found the presence of two motifs from the SV 40 enhancer (Zenke 
et al 1986), which contain precisely the same sequences in the V,T double promoter analyzed 
here They also identified a fragment of the promoter which has a regulating effect and can 
reactivate an octopine synthase minimal promoter. Even in the NOS promoter, a more precise 
structural investigation has since been conducted. It turned out that a 19-b P deletion led to 
complete disengagement of the promoter and duplication of this sequence, on the other hand, 
increased the promoter strength significantly (Ebert et al., 1987). Both promoters therefore 

contain activating elements. 

The worked out properties of the T R double promoter make it appear as an appropriate 
candidate for construction of resistance genes which are optimally engaged only as needed in ^ 
order to protect healthy transformed plants from loading by resistance proteins. Thus far no other 
promoter has been described that has similar or more favorable properties. Mostly local strong 
activation of transcription occurs from wounding, which should be sufficient to make the 
necessary amounts of resistance protein available. The question whether activation occurs 
quickly enough has still not been clearly answered. In kinetic studies of in vitro induction of the 
double promoter, a rise in activity was found only after 1 to 2 days and the maximum expression 
after about 5 to 6 days. The data from greenhouse plants (stronger rise already after 1 day) and ot 
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transient expression in protoplasts, however, suggest that more rapid induction occurs in vivo. 
By multiplication of activating elements, the inducibility should be further increased, as was 
recently demonstrated for the 35S promoter (Kay et al., 1987; Ow et al., 1987). 

Optimal adjustment of the agrobacteria to their host is the specifically activated 
expression of bacterial genes that lead to synthesis of compounds in the wounded plant tissue 
that can be used as a raw material source by genes coded also on the Ti plasrrM 

In addition to expression in plants, the double promoter was also tested for its expression 
capability in bacteria. Gelvin et al. (1981, 1985) found for the aforementioned analogous T 
promoter a weak activity both in agrobacteria and in E coli. It is sufficient to culture these 
transformed bacteria under kanamycin selection. The double promoter analyzed here is also 
active in both bacteria, but the strength is not sufficient to perform selection by kanamycin. The 
principal difference of the two promoters is the size of the employed promoter. Whereas Gelvin 
et al. cloned the marker gene instead of the originally present mannopine synthase gene in the Ti 
plasmid, here we worked with an isolated 470 bp long fragment, to which foreign sequences are 
linked in both directions in vitro. Important signals in the complementary strand of the gene read 
in the other direction might be present for expression in bacteria. 

The expression of a T4 lysozyme gene under the control of the 1' position in agrobacteria 
must therefore be carefully considered. It was possible without problems to introduce the 
plasmid pSR 2-4 by homologous recombination intact in agrobacteria. As a result, expression in 
a normal bacterial nutrient medium cannot be so high that these are lysed. Another explanation 
would be the inactivity of T4 lysozyme relative to agrobacteria. The activity of T4 lysozyme 
against Micrococcus lysodeicticus was demonstrated in the course of this work (see 2.12.1 1). 
The first explanation therefore appears more likely. In addition, an attack of cytoplasm on the 
cell membrane corresponds to the natural mechanism of infection of E coli by the phage T4. 
Additional hints are obtained from transformation of Nicotiana tabacum with plasmid pSR 2-4. 
As already mentioned, only a single transformant could be regenerated from a number of leaf 
disk tests which incorporated the lysozyme gene. In this method, the DNA transfer is produced 
by agrobacteria, but, on the other hand, naked DNA transfer is carried out by means of 
protoplasts and a routine number of transformed calli is obtained (R. Hain, personal 
communication). No difference is found relative to transformation of other genes and 
consequently the problem in the first method must lie in stronger expression of the double 
promoter at the time of coculturing of the agrobacteria with the leaf pieces, which must result in 
increased lysozyme production and thus corresponding damage to the cell wall. As a result of 
this, DNA transfer is then inhibited. A negative effect of T4 lysozyme on the plant cell wall 
cannot be ruled out either. The plant L2 always has a very high NPT expression and is not 
inducible, which means the maximum expression is obviously already reached. This could be 
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attributed by the fact that the formed lysozyme exerts a degrading effect on the cell wall, which 
causes the liberation of signal molecules (similar to acetosyringone) and as a chain reaction and 
stimulation of the double promoter. Identification of the regulating substances of the double 
promoter will be helpful but the explanation of such a complex event as wounding of a plant cell 
with all the occurring reactions remains difficult. 

A conclusive hypothesis can be advanced 'with the observations just made and 
demonstrated by our own experimental observations and other published data. Expression of 
lysozyme does occur in agrobacteria but only in nontoxic amounts. Matthyse (1986) was able to 
demonstrate that the presence of auxin is necessary in the bacterial cells for successful 
attachment of agrobacteria in plant cells. The auxin can either be produced by the bacterium 
itself or secreted by the wounded plant cell and taken up by the bacterium. Since the T-DNA 
genes for auxin biosynthesis (genes 1 and 2) are deleted in the Ti plasmid used here, only the 
auxin liberated by the wounded plant cell can consequently be considered a determining factor. 
As was demonstrated in this study, auxin alone also has a stimulating effect to a certain degree . 
on expression of the T R double promoter in plant cells. It can be assumed that a similar 
regulation is also possible on bacteria, provided that all necessary interacting factors are present 
there As a result of increased expression of the double promoter, the content of T4 lysozyme in 
the bacteria will increase, which results in damage or even lysis. An alternative is possible 
expression of chromosomal bacteria auxin genes induced by plant wound secretions. The binding 
of A tumefaciens to plant cells obviously involves bacterial surface proteins and 
^polysaccharides whose production is apparently also auxin-related (Matthysse, 1986). 
Transfer of agrobacteria DNA to plant cells obviously requires a complex machinery of bacterial 
and plant factors, some of which can be destroyed by T4 lysozyme. The single transformed plant 
obtained by the leaf disk test for plasmid pSR 2-4 must therefore be considered a random 
exception These conclusions are supported by the experimental result that during a direct DNA 
transfer via protoplasts, no changes are observed relative to routine transformations. Unusually 
high expression of the double promoter was found in all NPT tests of plant L2, but on the other 
hand induction of expression could not be achieved in any case in this plant. This suggests that 
this plant is also in intact form in a "wounded" state that offers favorable expression conditions 
for the Tr promoter. By secretion of T4 lysozyme, this enzyme reaches the cell wall and the 
intercellular space and it cannot be ruled out that similar bonds are present in the murein sacculus 
of bacteria that can be opened by lysozyme (lysozyme cleaves the glycoside bond between 
N-acetylmuraminic acid and N-acetylglucosamine). Attack can therefore occur on the cell wall 
from both sides. A state of wounding is produced by this that does leave the cell itself intact bu 
nevertheless activates wounding reactions and consequently also leads to the production of plant 
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hormones. This means that high expression of T4 lysozyme in plant cells would be ensured in a 
circular process by "artificial" autoregulation. 

The expression of T4 lysozyme was detected in Acetabularia by immunofluorescence in 
cooperation with G. Neuhaus (Ladenburg). A clear assertion concerning secretion of this protein 
could not be obtained. No data were known concerning possible damage to Acetabularia cells. 

Clear detection of the presence of T4 lysozyme in the transgenic plam*L2 could be 
obtained by immunogold labeling. The percentage of this protein in the total protein appears to 
fluctuate sharply, which is probably attributable to specific properties of the T R double promoter 
(see above). However, cell-specific expression can also reflect effects of T4 lysozyme produced 
particularly strongly in these cells and an autocatalytic mechanism (see above). The observed 
localization of T4 lysozyme confirmed the secretion of a monomeric small foreign protein under 
the control of a plant signal peptide expected of the gene fusion constructed in it this work 
(pSR 2-4). 

The signal peptide of a-amylase from barley was selected at the beginning of this work 
because at that time it was the best investigated secretion system in plants (Jacobsen and Knox, 
1973; Jones and Chen, 1976; Locy and Kende, 1978; Jones and Jacobsen, 1982). Processing and 
secretion of intact wheat a-amylase in yeast had already also been successful (Rothstein et al., 
1 984). A cDNA clone (clone E) was previously isolated and characterized (Rogers and 
Milliman, 1983). Since then, additional very important data concerning secretion and location of 
a-amylase from barley in aleurone tissue had become known (Fernandez and Staehelin, 1985; 
Gubleretal., 1986,1987). 

Fusion of a foreign protein to the plant signal peptide obviously has no effect on its 
- functional capability and specificity. The secretion mechanism, at least by T4 lysozyme, is not 
hampered or adversely affected. This can naturally be attributed to the favorable properties of 
this protein. Production of this protein in tobacco cells presumably does not occur on free 
ribosomes, since it was detected by gold labeling that a secretion pathway is involved. Gold 
particles are found in some regions of the cytoplasm on filamentary, strand-like and network-like 
structures. According to the current interpretation, a conformation must be maintained by the 
signal peptide that permits insertion of the newly synthesized protein into the ER membrane. If a 
protein is folded before insertion to its final spatial structure, no insertion is possible any longer 
in most cases (Zimmerman and Meyer, 1986) and only a few exceptions are known (Muller and 
Zimmerman, 1987; Walter, 1987; Wiedmann et al., 1987b). No membrane-anchoring sequences 
(Mize et al, 1986; Munro and Pelham, 1987) can be present in T4 lysozyme either (stop transfer 
sequences). No assertion can be made by means of electron microscopic data concerning 
processing of the precursor protein during entry into the ER membrane. The natural conserved 
positions are no longer present in this fusion, since no parts of the mature a-amylase protein 
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were transferred. Instead, a direct linking of the last amino acid of the signal peptide to the first 
amino acid of T4 lysozyme was constructed. However, secretion is also possible if no processing 
functions occur (Kaiser et al., 1987); the remaining additional arruno-terminal polypeptide part 
can then have negative effects on the functional capability of the synthesized protein. The 
available data from Western blotting, however, show that processing of the chim^ic protein 
obviously occurs. 

T4 lysozyme has a potential consensus sequence for N-bound glycosylation 
(Asn-X-Ser/Thr) in natural prokaryotic systems; no glycosylation occurs so that this sequence 
has no significance there. It is localized between amino acids 140 and 142, which are situated in 
a position that is well accessible from the outside (cf. Remington and Mathews, 1978; Mathews 
et al, 1981, 1983). No steric hindrance for glycosylation in the ER and Golgi apparatus should 
therefore be expected. A change of the protein can occur by possible glycosylation in the plants, 
from which, however, no effects on the functionality of the active center are expected, since both 
regions are adjacent but are not functionally linked (see Mathews et al., 1983). On the other 
hand, examples are known in which glycosylation is essential for secretion (Olden et al., 1982; 
Ferro-Novick, 1985; Guan et al., 1985). Glycosylation of the produced T4 lysozyme could not be 
analyzed because of the limited detectable amounts. 

The fact that the labelings in the experiment with the transgenic plants occur at the same 
sites as found by Gubler et al. (1987) for the aleurone tissue of barley with a-amylase itself, the 
association with filamentary structures in the cytoplasm in concentrated form in some regions of 
the cell and the localization on and in the plasmodesmata should be emphasized in particular. 
These characteristic details of secretion of a-amylase in completely different tissue of another 
plant are retained during genetic engineering construction with a foreign protein in tobacco. 
Transport of a-amylase into the vicinity of plasmodesmata obviously occurs because a highly 
specialized cell wall region exists in aleurone cells that differs distinctly in composition from the 
"rest of the cell wall. This internal resistant wall layer preserves its integrity even in the presence 
of strong cell wall-hydrolyzing enzymes. Cell wall hydrolysis occurs most often in the vicinity of 
plasmadesmata, for which reason the most favorable conditions for secretion of proteins through 
the cell wall are present here. These structures are not present in normal tobacco cells, for which 
reason such specialized accumulation of the secreted protein would not be necessary there and as 
a result should not be coded by the cell either. Nevertheless, the same properties are observed, 
which can only be attributed to the fact that specific information for localization of a-amylase 
must be stored within the signal peptide, since these are the only consistent sequences between 
natural a-amylase in the signal peptide-T4 lysozyme fusion. Thus far, no clarity has yet been 
obtained whether such information is stored in a signal peptide or whether specific localizations 
are coded within other sequences in mature cells and the single task of the signal peptide is 
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merely insertion of the nascent protein in the ER. The present results clearly suggest that, at least 
in the case of a-amylase from barley, such information must be stored in the signal peptide. 

After the T4 lysozyme has passed through the entire secretion path of a-amylase and has 
reached the cell wall, mostly in the vicinity of plasmodesmata, the differences between the two 
proteins now come to bear. a-Amylase is an enzyme with a molecular weight-of about 45 kDa, 
whereas T4 lysozyme at 1 8.7 kDa is much smaller and has an ellipsoidal structure (cf. Grutter 
et al., 1983). The maximum diameter of a globular protein that can still pass through pores in the 
cell wall is estimated at about 3.8-4.0 nm, which corresponds to about 17 kDa (cf. Gubler et al., 
1987). Since T4 lysozyme, however, has an ellipsoidal structure, it must still fall in the permitted 
range and passing through the pores of an intact cell should be possible. Gold labeling in the 
intercellular spaces of the transgenic plants is actually also found, i.e., secretion of T4 lysozyme 
is also possible through the cell wall up to the intercellular space by analogy to the pathogenesis 
related (PR) proteins (Parent and Asselin, 1984; Carr et al., 1987). 

By fusion of a plant signal peptide with a nonsecreted small prokaryotic protein, it is also 
possible to achieve its extracellular localization. Additional studies on detailed analysis of the 
secretion pathway can be conducted on the present preparations (localization in ER, in the Golgi 

apparatus and in vesicles, etc.). 

The found inclusions of T4 lysozymes in obviously crystalline form in proplastids raise 
the question whether transformed plant cells are eliminated by deposition of foreign protein 
(sometimes also observed cytoplasmically). Localization in chloroplasts, which repeatedly 
occurs, can be caused either by transport into fully developed chloroplasts or by the presence of 
T4 lysozyme in proplastids, which can later develop sometimes to chloroplasts. The first 
- possibility appears to be quite unlikely because of the significant difference between signal 
peptides for secretion and transit peptides for chloroplast transport. Such a question can be 
answered by cloning T4 lysozyme gene in an SP 6 plasmid and in vitro translation with a 
subsequent test for incorporation in the isolated chloroplasts. The assumption that the gold 
labeling in the chloroplasts can be attributed to development of lysozyme-containing proplastids 
in the chloroplasts is more likely, although storage proplastids are commonly present in phloem 
tissue that can no longer be differentiated. It remains to consider that such data were found with 
even greater relevance for the antibody construct. The question how and why lysozyme reaches 
the proplastids remains opens. This protein, which must pass through a membrane in bacteria for 
lytic dissolution of the murein sacculus, might have the capability of passing through other 
membranes. A relation between membranes of proplastids and bacteria is speculative, but cannot 
be ruled out on evolutionary grounds. 

The different behavior of lysozyme with respect to secretion and cytoplasmic localization 
might be attributable to the presence of glycosylated and nonglycosylated forms. 
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Since T4 lysozyme is to be investigated as an antibacterial resistance protein in plants, 
extracellular localization in the intercellular spaces is the optimal solution. Resistance 
mvestigations with the plants regenerated by naked DNA transfer for T4 lysozyme are being 
prepared in cooperation with the Institute for Plant Diseases (Dr. Kuck) of the Monheun Plant 

Protection Center of Bayer AG. 

The difficulties in detecting T4 lysozyme by Western blotting can only be attributed to a 
presumably fairly low occurrence of this protein (cf. different activity of the double promoter 
from cell to cell, possible instability of plant-produced lysozyme) or by insolubility that cannot 
be suppressed even by detergents. A correlation of the observed signal intensities in immunogold 
labeling with promoter activities cannot be carried out from the present data. 

By distribution of lysozyme in the entire plant through transport in the phloem, dilution 
of local concentrations can additionally occur. On the other hand, a stimulation of the T R 
promoter by such transport in the weakly expressing regions of the plant based on cell wall 

damage is supported. 

The regeneration of plants that have integrated the plasmid pSR 4-3 with the two 
chimeric genes for the light and heavy chain of a monoclonal antibody successfully passed 
through the leaf disk test. During analysis of calli, which had been induced from leaf material 
from checked transformed plants, positive signals both for the light and heavy chain alone and 
for an intact antibody could be obtained by tissue printing (Cassab and Varner, 1987) from the 
total extract bound on the filter (detection of the light chain by polyclonal anti-X and monoclonal 
anti-X antibodies, of the heavy chain by polyclonal anti-u antibodies and the aggregated B 1-8 by 
monoclonal antibodies that recognize an epitope in the tertiary structure from both chains close 
to the antigen bonding site). Since no compartments of the cell are separated here in an 
extraction pellet, but cell membranes and cell walls are together forced onto the filter, no 
distinction occurs concerning highly soluble extract, insoluble extract and organelle- or 
membrane-bound proteins and the spectrum of all proteins present in the cell is analyzed. If 
protein work-up is conducted by an affinity chromatographic method, a protein extract must first 
be produced. If only PBS is used as the extraction buffer, only a "soluble" extract is obtained. In 
order to solubilize bound or insoluble proteins as well, detergents must be added to the buffer;- 
which mostly destroy the membranes and therefore liberate membrane-bound proteins or 
proteins enclosed by membranes (for example, in vesicles). For this purpose, Triton X-100 and 
CHAPS were used. Nevertheless, no significant improvements were observed. By extraction 
with SDS probe buffer, the presence of the light chain of the antibody could be demonstrated in 
plant tissue directly from the callus tissue, but was only reproducible with difficulty, i.e., 
generally only with weak signals. By isolation of the sought proteins with affinity gels from 
larger amounts of highly active leaf material, the yield should be significantly improved. 
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However, this does not apply to the light chain alone. Only a very weak signal could be obtained 
even by enrichment with a monoclonal antibody directed against the light chain of B 1-8. 
Detections of the heavy chain are not possible because of the more unfavorable conditions 
(weaker promoter and more insensitive detection system). Binding through the hapten is much 
milder than binding of B 1-8 through an anti-antibody and elution from the complex in a strongly 
acid medium. Since B 1-8 is a heteroclitic antibody, it recognizes the relatedfapten NIP better 
than NP and can consequently be eluted by NIP from a complex with NP. This occurs at neutral 
pH. In this manner, the existence of biologically active, intact B 1-8 in plant cells to be attained 
both from a soluble extract and from a CHAPS extract by incubation with NP Sepharose and 
subsequent detection of the light chain is demonstrated. A functional antibody that binds the 
hapten can only develop when correct assembly and correct folding of the light and heavy chains 
occur. Detection of the light chain after isolation by NP Sepharose is therefore an indirect but 
clear demonstration of the existence of intact B 1-8. No assertions can be made concerning the 
efficiency of the assembly because of the extremely limited amounts of protein. The question 
whether the heavy chain is glycosylated, as in lymphocytes, also cannot be answered with the 
available data. A functional antibody was measured in the ELISA test in E. coli after in vitro 
reassociation of genetic engineering-produced light and heavy chains from an extract even 
without glycosylation of a heavy chain (Boss et al., 1984), so that no inactivating factor is seen 
here. Possible effects on stability remain unaffected by this. 

Only significantly weaker signals could be observed by immunogold labeling for the 
antibody analysis in comparison with T4 lysozyme. The Ac 38 antibody specifically recognizes 
only intact B 1-8 and can therefore be used for detection of a B 1-8 synthesized in plants. It could 
• therefore be demonstrated that synthesis and assembling of this monoclonal antibody occurs on 
the rough endoplasmic reticulum. With the LS 136 antibody directed against the light chain, 
signals are found in the calli free in the cytoplasm, since both an isolated light chain and one 
aggregated together with the heavy chain can be involved and a clear assertion cannot be made 
from this type of experiment alone. By comparison with labelings with Ac 38, however, it is 
possible to conclude that the probability is greater that only a light chain is involved here. Since 
the double promoter is much more active in the callus than is the NOS promoter, it is 
conceivable that excess light chain that cannot be additionally glycosylated is removed from the 
secretion process and stored in the cytoplasm. Such a case for the precore protein of hepatitis B 
virus was recently described by Garcia et al. (1988), about 70 to 80% of this protein being 
localized in the cytoplasm in an in vitro experiment, despite cleavage of the signal peptide (i.e., 
from the ER). Processing by Western blotting also detected the B 1-8 antibody. Whereas an 
efficient secretion into the intercellular space could be demonstrated for the T4 lysozyme, there 
are still no available data for such an assertion concerning B 1-8, no labeling having yet been 
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found in the vicinity of the cell walls. However, it could not be ruled out that such labeling will 
still be detected during further more extensive investigations. 

The relatively strong labelings in the chloroplasts occur surprisingly, since no structural 
properties are incorporated in the constructions that allow us to expect transport of the formed 
proteins into chloroplasts and the found signals involve signals for intact aggregated antibodies. 
However, since these labelings can be localized specifically in the chloroplasts-^-hereas the 
surroundings and control chloroplasts clearly have no labeling, a significance of these data must 
be assumed. Nevertheless, statistical solidification of this result must be waited for. It is 
structurally striking that the chloroplasts of the A5 plant contain unusual (electron-dense) 
regions. According to the now known view points, the signal peptide contains no features that 
should enable it to control transport into chloroplasts in addition to efficient secretion (a-amylase 
and T4 lysozyme). The question is therefore raised whether the amino acid sequences or the 
secondary or tertiary structures of the light or heavy chain or the aggregated antibody contain 
any information that is understood by the plants as a chloroplast transport signal. Should this 
phenomenon be clearly confirmed on additional sections, an additional field of highly interesting 
aspects would be opened up from these constructions. 

The role of a BIP-like protein possibly present in the ER lumen (cf. Haas and Wabl, 
1983; Bole et al., 1986; Hendershot et al., 1987) still remains open. In recent publications (Haas 
and Meo, 1988; Kassenbrock et al., 1988), however, it was reported that BiP is identical or 
related to other protein-binding proteins that were already previously identified. It could be 
shown that interactions occur not only with heavy chains in antibodies, but also with a larger 
number of other proteins. This supports the suspicion that such a class of proteins could also be 
present in plants and have a regulating role there of binding misfolded or incorrectly 
glycosylated proteins. Such an effect could also lead to the cytoplasmic localization of processed 

light chain as "reject." 

The expression and assembling of a monoclonal antibody could be demonstrated by 
combination of Western blotting and immunogold labeling. It could be demonstrated by 
denaturing Western blotting that the light chain is processed as a result and, as supported by 
localization in the electron microscope, the foreign protein is inserted by the action of the 
a-amylase signal peptide into the lumen of the endoplasmic reticulum and secretion initiated. 
Assembling of the light and heavy chain also occurs there. 

The relative intensity of the signal, on the one hand, could be attributed to a different 
stability of the foreign proteins in plants and, on the other hand, to expression-regulating 
sequences within the coding sequences. It is known that k chains require an enhancer located in 
an intron for effective expression and without this only weaker expression occurs. If X chains are 
cloned without such an enhancer, it is not weaker expression but no expression at all that can be 



114 



established; this observation could be due to the presence of inhibiting sequences within the light 
chain gene (A. Iglesias, personal communication). Such properties could also be expressed in 
plants. Additional effects could be produced by glycosylation or nonglycosylation of the foreign 
proteins in the ER and Golgi apparatus. 

The approaches described in this work for resistance construction canie pursued in a 
variety of ways. On the one hand, a system is'available that will be checked IrVa very short time 
for bacterial resistances. With a positive outcome, it is thus far the only known possibility for 
being able to take protective measures against bacterial infections of plants. A number of 
additional tests must naturally also occur in a toxicological respect. 

After generation of monoclonal antibodies, for example, against the coat proteins of 
viruses, the biological efficiency of a reaction can be tested as a protective measure against viral 
infection with attacking viruses. Since the generation of antibodies is possible not only against 
virus coat proteins but against a number of other antigens, this method can be very widely 
extended and applied to create artificial resistance and for manipulation of a number of cellular 
processes. The basic principle, however, should be worked out with respect to simplifications, 
since expression and assembling of a heterotetrameric protein from two different genes is subject 
to a large number of influences and the conditions for statistical assembling of two times two 
different chains must be met. A significant simplification would be the application of a protein 
that has all the necessary components of a functional antibody localized on one gene. Such a 
construction of a semisynthetic "one-chain antibody" was produced by A. Iglesias and G. Kohler 
(Freiburg) and tested successfully on the formation of an idiotypical activity (unpublished 
results). The formation of such a chimeric protein should occur in the plant much more simply if 
: the assembly of two chains is to be necessary to form the active center, this involving only one 
homodimeric protein. Experiments for preparation of such a project have already been started m 
cooperation with A. Iglesias and G. Kohler. 

The synthesis of optimal resistance genes also includes infection- or wound-specific 
activation of these genes from a minimal expression level in the healthy state. In order to be able 
to cover all possible mechanisms, a number of special promoters will certainly be required. 
According to the present state of knowledge, only the T R double promoter analyzed in this work 
offers itself for wound-specific activation. The characteristic properties of this promoter appear 
to make it suitable for this. The gene constructs described here therefore represent an important 
step on the way to developing functional "resistance genes." 

The secretion of foreign proteins (also of prokaryotic origin) into the intercellular space 
made possible by the fusion of "resistance proteins" with a plant signal peptide opens up an 
additional field of optimization. By specific resistance proteins, pests could already be defended 
against before penetration into the cells or before damage to the cells. Interesting aspects are also 
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obtained from basic research into the secretion mechanism. The observation that information that 
controls localization must be obviously coded in the a-amylase signal peptide offers a 
contribution to the disputed question whether signal peptides only ensure insertion into the 
membrane of the rough endoplasmic reticulum or if they also have additional specificity for later 
localization. The major advantage of foreign proteins produced by genetic engaging m 
organisms is the absence of these proteins in the Wild type organism so that derivations can 
be made concerning localization by comparison with the wild type. The properties of the foreign 
protein must then naturally be considered. Assembling of complex foreign proteins and secretion 
under the control of a plant signal peptide open up a broad field of research approaches for 
artificial resistances in plants. 



V. Summary 

By fusion of genes for plant-foreign proteins to the signal peptide gene of a-amylase 
from barley, the possibility of artificial secretion of such chimeric proteins produced by genetic 
engineering in plants was investigated. This approach was conducted, on the one hand, with a 
prokaryotic one-chain protein, lysozyme from bacteriophage T4, and, on the other hand, with a 
complex protein, a monoclonal IgM antibody. The assembly of two light and two heavy chains 
each into a tetrameric molecule is necessary for the formation of functional antibodies. 

The genes for the light and heavy chain of the antibody and for the T4 lysozyme were all 
fused with the genes of the signal peptide of a-amylase. Promoter- fusion gene-polyadenylation 
sequence cassettes for the two antibody genes were constructed in a plasmid and for the T4 
lysozyme in another plasmid. These constructions were integrated by abacterial infection and 
in the lysozyme also by naked DNA transfer in Nicotiana tabacum, ' 

To have appropriate expression conditions for the promoters (pT R and pNOS) for protein 
analysis, promoter activity analyses had to be conducted (by the NPT test). The T R double 
promoter exhibits differential expression in intact plants with an expression maximum in the 
region of the transition from the stem to the roots. Much higher expression was found in calli 
(1000-fold) An up to 170-fold rise in activity within 6 days is attainable in an in vitro system by 
wounding or by hormone induction. The in vivo induction of greenhouse plants occurs within * 
day Similar results were found for the NOS promoter, but with smaller factors (up to 20-fold 
inducible, callus no stronger than induced plants). For analysis of transgenic plants, highly 
sensitive nontraditional detection methods were worked out. Protein detection occurred, although 
in extremely limited amounts, by Western blotting with a biotin-streptavidin system, sometimes 
combined with an affinity chromatographic purification method from the protein crude extract. 
The presence of nonglycosylated unprocessed and processed T4 lysozyme, as well as possibly a 
glycosylated form could be demonstrated. By isolation of the light chain with an anti-X. antibody 
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and the intact antibody by functional binding to its hapten, both the presence and activity of a 
monoclonal antibody in the transgenic plant cells were demonstrated. In each case processed 

light chain was detected. 

Analysis of the localization of these chimeric proteins in the cell occurred in cooperation 
with Dr. Sigrun Hippe (Aachen) by electron microscopic immunogold labehjg. Strongly 
concentrated labeling was mostly found for T4 lysozyme in the mtercellulaf l>aces. Other 
labeled regions are present in the cytoplasm (mostly on filamentary structures) and inclusions of 
T4 lysozyme in proplastids of the phloem probably in crystalline form were repeatedly found, as 
well as labeling in and in the vicinity of plasmodesmata, on the cell walls of phloem and also in 
chloroplasts. The stored intercellularly T4 lysozyme forms, possibly in conjunction with other 
proteins, filamentary, network-like structures that are significant and were not found in the 
controls. The signal peptide of ct-amylase from barley is therefore capable of localizing a 
prokaryotic protein in tobacco cells with specific characteristics and secreting it efficiently into 

the intercellular space. 

The synthesis and assembling of the monoclonal antibody could be demonstrated by 
reaction with an anti-antibody in the endoplasmic reticulum directed against the intact antibody. 
Processing of the signal peptide, as well as the functionality of the formed antibody, follow from 
the Western blotting analyses. As a result, secretion is also initiated by the signal peptide in this 
construction. Additional labelings occur in the chloroplasts and for the light chain also in the 
cytoplasm. Gold particles, however, could still not be detected in the region of the cell walls. 
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Abstract A rat monoclonal antibody specific for im- 
munoglobulin (Ig) heavy chain binding protein (BiP) 
has allowed the examination of the association of BiP 
with assembling Ig precursors in mouse B lympho- 
cyte-derived cell lines. The anti-BiP monoclonal anti- 
bodv immunoprecipitates BiP along with noncova- 
lently associated Ig heavy chains. BiP is a component 
of the endoplasmic reticulum and binds free intracel- 
lular heavy chains in nonsecreting pre-B (m\ L") cell 
lines or incompletely assembled Ig precursors in (H + , 
L + ) secreting hybridomas and myelomas. In the ab- 
* sence of light chain synthesis, heavy chains remain 
associated with BiP and are not secreted. The associa- 



The process by which B lymphocytes synthesize im- 
munoglobulin (Ig) 1 involve the assembly of heavy and* 
light chains, glycosylation, posttranslational modifi- 
cation of oligosaccharides, and transport between intracellular 
compartments before eventual secretion (4 1 ). Ig appears to be 
transported along the same intracellular pathway as other 
secretory glycoproteins. 

Comparative examination of the intracellular transport ot 
many secretorv proteins indicates that transport from the 
rough endoplasmic reticulum (RER) to the Golgi apparatus 
is selective and can be the rate-limiting step in the secretory 
process (11, 24). This selectivity and the demonstration of 
different rates of transport between the RER and Golgi ap- 
paratus for different secretory proteins within a cell line has 
led to the hypothesis that secretory proteins express specific 
transport signals within their structure ( 1 1 , 24) and that this 
transport may be receptor mediated (12, 24, 40). 

Expression and selective intracellular transport of Ig in B- 
lvmphocyte lineage cells is developmentally regulated. Pre-B 
cell lymphocytes differentiate from bone marrow multipoten- 
tial stem cells and are first identified by the presence of 
cytoplasmic M -heavy chains in the absence of light chain 
synthesis (8, 27). The M -cnains of bone marrow denved pre- 

Tlbb^iations used in this paper: BiP, immunoglobulin heavy chain binding 
protein; Ig, immunoglobulin; RER, rough endoplasmic reticulum; SER, 
smooth endoplasmic reticulum. 



tion of BiP with assembling Ig molecules in secreting 
hybridomas is transient and is restricted to the incom- 
pletely assembled molecules which are found in the 
endoplasmic reticulum. BiP loses affinity and disasso- 
ciates with Ig molecules when polymerization with 
light chain is complete. We propose that the associa- 
tion of BiP with Ig heavy chain precursors is a novel 
posttranslational processing event occurring in the en- 
doplasmic reticulum. The Ig heavy chains associated 
with BiP are not efficiently transported from the en- 
doplasmic reticulum to the Golgi apparatus. There- 
fore, BiP may prevent the premature escape and even- 
tual secretion of incompletely assembled Ig molecules. 



B cells are of the membrane type but are not expressed on 
the cell surface (42). The onset of light chain synthesis coin- 
cides with and appears to be necessary for the expression of 
surface and secretory Ig (26). 

Mouse pre-B-derived hybridomas and Abelson virus trans- 
formed pre-B cell lines synthesize membrane and secretory 
^-chains which remain intracellular and are not secreted or 
expressed on the cell surface (17, 32, 37). The analysis of 
intracellular ^-chains from pre-B derived cell lines as well as 
variant nonsecreting myelomas has identified a protein of 
78,000 daltons. Ig heavy chain binding protein (BiP), that co- 
immunoprecipitates with Ig heavy chains (13, 28). Because 
BiP was readily observed in cell lines representative of the 
pre-B cell stage of development, others have speculated that 
BiP functions in the regulation of Ig synthesis or prevents 
heavy chain insolubility in pre-B cells (43). 

The results of the presently described studies demonstrate 
that BiP binds free heavy chains as they occur in pre-B derived 
cell lines, and incompletely assembled Ig molecules in secret- 
ing cell lines. Our interpretation of these observations are that 
BiP plavs a role in the posttranslational processing of nascent 
Ig heaw chains in the endoplasmic reticulum. Heavy chains 
associated with BiP are not efficiently transported from the 
RER to the Golgi apparatus. This suggests that the posttrans- 
lational interaction of BiP with Ig heavy chains interferes with 
the expression of transport signals inherent in the Ig molecule. 



We 
blec 
pla5 
plet 
asse 
seer 

Ml 
Rea 

Affin 
obtai 
[ JS S]. 
Suga 
Dolic 
St. U 
San L 
GIBC 
sourc 

Cel. 

Cell ; 

with 

M M), 

cell-d 

P3-X 

ratior 

of Co 

of P.- 

MM* 

speci 

whici 

Pre, 

The 

immi 

lysed 

200 

S aw 

buffo 

S. au 

eluau 

resusi 

third 

noge< 

in pi 

popli 

mas 

react: 

secre 

assa\ 

labeh 

Rat 

Befoi 

5 x i 

serur. 

prein 

cultu 

pulse 

adde 

stato 

by ce 

lysis 

and 

short 

and 

centr 

direc 

indin 

prote 



© The Rockefeller University Press, 0021-9525/86/05/1 558/09 ^$ LOO 
The Journal of Cell Biology, Volume 102, May 1986 1558-1566 



1558 



Boic 



We propose that association of rj^Bh incompletely assem- 
bled Ig molecules prevents their Transport from the endo- 
plasmic reticulum. Once assembly with light chain is com- 
plete, disassociation of BiP occurs, allowing transport of the 
assembled molecule to the Golgi apparatus and eventual 
secretion. 

Materials and Methods 
Reagents 

Affinity-purified isotype specific antibodies used for immunoprecipitation were 
obtained from Southern Biotechnology Associates Inc., Birmingham, Al_. 
[ 35 S]Methionine was purchased from Amersham Corp., Arlington Heights. IL. 
Sugar nucleotides were obtained from New England Nuclear, Boston. MA. 
Dolicol phosphate and protein A were purchased from Sigma Chemical Co., 
St. Louis. MO. and tunicamycin was obtained from Calbiochem-Behring Corp.. 
San Diego, CA. Tissue culture media and fetal calf serum were purchased from 
GIBCO, Grand Island. NY. All other reagents were obtained from different 
sources and were of analytical grade. 

Cell Culture 

Ceil lines were maintained in stationary culture in RPMI 1640 supplemented 
with L-glutamine (2 mM), penicillin-streptomycin. /3-mercaptoethanol (50 
M M). fungizone 1:1,000. and 15% fetal calf serum at 37"C in 10% C0 2 . Pre-B 
cell-derived hybridoma 15-58 was obtained by fusion of I9-d fetal liver with 
P3-\63-Ag8.653. as previously described (8). Ag8(8) was isolated in collabo- 
ration with A. Radbruch and K. Rajewsky (Department of Genetics, University 
of Cologne. FUG), by fluorescent-activated cell sorting as a spontaneous variant 
of P3x63-Ag8, and produces only cytoplasmic 71 heavy chains. RD3-2 and 
MM60 are conventional Ig-secreting mouse hybridomas with anti-idiotype 
specificity (33. 38). 1 1-1 1 is a rat lymph node x Ag8.653 heterohybridoma 
which secretes rat IgG with anti- mouse IgD specificity. 

Preparation of Monoclonal Anti-BiP 

The immunogen containing mouse BiP^-chain complexes was obtained by 
immune precipitation of 5 x 10 \ 15-58 pre-B hybndoma cells. The cells were 
lyscd in 15 ml of 1% Nonidet P-40 lysis buffer and immunoprecipitated with 
200 Mg of goat anti- mouse ^-chain antibody and Staphylococcus aureus. The 
5. aureus pellet was washed three times with 0.75 M guanidinium hydrochloride 
buffered in 10 mM Tris, pH 7.5 The immune complexes were eluted from the 
S. aureus with 2.5 M buffered guanidinium hydrochloride. Proteins in the 
eluate were precipitated with 9 volumes of ethanol at -20"C for 1 h and 
resuspended in PBS for injection. A Fisher rat was immunized five times, every 
third day, in one rear footpad with this antigen. The first injection of immu- 
nogen was emulsified in complete Freund's adjuvant the others administered 
:n phosphate-buffered saline (PBS). 1 d after the last injection the draining 
popliteal lymph node was fused with mouse myeloma Ag8.653 (16). Hybrido- 
mas were initially screened by an enzyme-linked immunosorbent assay for 
reactivity against both BiPt/i-chain complex and purified IgM. The hybridomas 
secreting antibody specific only for BiP by the enzyme-linked immunosorbent 
assay were further screened for their ability to immunoprecipitate BiP from a 
labeled cell lysate as detected by SDS PAGE. 

Radiolabeling of Cell Lines 

Before labeling with [ 3i S]methionine, cells were preincubated at a density of 1- 
? > 107ml in methionine-free RPMI 1640 containing 15% dialyzed fetal calf 
erum for 30 min. When tunicamycin was used, it was included in the 
jreincubation media at a final concentration of 2.5 Mg/ml from stock. Cell 
cultures were then labeled with 10 mCi of [ 35 S]methionine 1,400 Ci/mmol. In 
pulse -chase experiments, either complete medium or cold methionine was 
added at the time of chase to a concentration of 30 ng/ml Unless otherwise 
stated, cells were labeled 10-15 min before lysis or chase. Ceils were harvested 
by centnfugation at 1.000 g for 5 min and lysed for 10 min at 0*C in 1 ml of 
lysis buffer containing 1% Nonidet P-40, 0.15 M NaCl, 50 mM Tns, pH 7.5. 
and 2 mM phenylmethylsulfonyl fluonde. In pulse-chase expenments with 
snort chase periods. 2x lysis buffer was added directly to the cell culture. Nuclei 
and cellular debris were then removed by centnfugation in a Brinkmann 
:entnfuge for 10 min. Supernatant was removed and immunoprecipitated by 
iirect binding with monoclonal anti-BiP covalently linked to Sepharose 4B or 
ndirectly wnh 50 n\ of anti- BiP culture supemate followed by addition of 
protein A-Sepharose. Ig heavy chains were immunoprecipitated with 10 ^g of 
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affinitv-purified isotype^Bc goat anti-mouse antibody and protein A- 
Sepharose. Protein A o^K-ZiP antibody, 1.0 mg per ml Sepharose. was 
coupled to CNBr-activatcd Sepharose 4B (3 1 ). Lysates were allowed to incubate 
with precipitating antibody for I h at 4*C with gentle mixing. Sepharose-bound 
immune complexes were washed three times with lysis buffer containing \% 
Nonidet P-40, 0.5% deoxycholate. 0.1% SDS. 0.5 M NaCl, 50 mM Tns, pH 
7.5. and once with PBS to remove detergents and salt. Precipitated proteins 
were then boiled in SDS sample buffer and subjected to SDS PAGE (21). 
Before autoradiography gels were fixed and then impregnated with EN 3 HANCE 
(New England Nuclear) as directed by the manufacturer. Kodak X-omat AR 
X-ray film was used to visualize labeled proteins. 

Subcellular Fractionation 

Subcellular fractionation was performed by a modification of an unpublished 
procedure (Garv Sahagian, Department of Physiology, Tufts University, Bos- 
ton, MA. personal communication). 5 x 10 7 RD3-2 or Ag8(8) hybndoma ceils 
were harvested by centnfugation at 1.000 g for 5 min at 4*C, and first washed 
twice with PBS and then twice with 0.25 M sucrose in 5 mM Hepes buffered 
to pH 6.8. The cells were then resuspended in 2 ml of isotonic sucrose and 
transferred to a nitrogen cavitation bomb (Kontes Co.. Vineland, NJ). The cells 
were pressurized to 40 psi for 30 min at O'C After decompression the cells 
were dispersed with 10 gentle strokes in a tight-fitting dounce homogenizer. 
Nuclei and cellular debns were removed by centrifugation at 800 g for 10 min. 
The postnuclear supemate was then layered on top of a discontinuous sucrose 
gradient containing t ml/2.0 M. 3.4 ml/1.3 M, 3.4 ml/ 1.0 M, and 2.75 ml/0.6 
M sucrose in 5 mM Hepes (pH 6.8) in a Beckman 14 * 89 mm Ultra-Clear 
tube. After 2 h of centnfugation at 40,000 rpm in a Beckman SW 41 rotor, 
-19 fractions containing 10 drops each were collected from the bottom of the 
tubes. Each fraction was then assayed for endoplasmic reticulum and Golgi 
marker enzymes. 



Marker Enzyme Assays 

Mannosyltransferase was measured by methods as previously described (39) 
Membrane fractions were assayed in a total volume of 80 ni containing 5 x 
1 0 4 cpm GDP-mannose [mannose-3,4- 3 H(N)] 40-60 Ci/mmoi, 0.05 mg dolicol 
phosphate, 1.25 mM MgCl 2 , 0.015% Tnton X-100, 20 mM Tris, pH 7.5, and 
0.15 M NaCl. The assay mix was sonicated before addition of suitably diluted 
membrane fractions. Assays were incubated for 10 min at room temperature 
Reactions were terminated by addition of 1.5 ml of chloroform/methanol (2: 1). 
followed by 0.3 ml of saline. The tubes were vortexed, and chilled on ice for 
10 min. Each tube was then spun for 5 min at 2,000 g and 0.6 ml of the 
chloroform was removed, dried in scintillation vials, and counted in scintillation 
cocktail. 

Galactosyltransferase was measured by a modification of a procedure pre- 
viously described (7). Membrane fractions were incubated in a final volume of 
40 M l containing 5 < 10* cpm UDP-Galactose [Galactose- l4 C(U)] 337.0 mCi/ 
mmol, 0.28 mg ovalbumin (Sigma Chemical Co.; grade V), 50 mM Tris, pH 
7.5, 20 mM MnCl 2 . 0.5% Triton X-100. Reactions were incubated at 37°C for 
60 min. 30 n\ of each assay was then spotted on Whatman 3-MM filter paper 
and dried at room temperature. The filter paper was then washed twice in W% 
trichloroacetic acid. 2% phosphotungstic acid, and 1% pyrophosphate at 0 d C 
for 15 min. The filter paper was then washed in methanol, dried, and counted. 

Identification of Immunoglobulin and BiP in 
Subcellular Fractions 

BiP and Ig were identified in subcellular fractions by immunoprecipitation with 
monoclonal anti-BiP or with goat anti-heavy chain specific antibody. 1 x 10 6 
[ 3i S]methionine-labeled cells were fractionated by the above procedure. Before 
immunoprecipitation each fraction was diluted with an equal volume of 2 k 
lysis buffer to solubilize membranes. Each fraction was then divided for 
precipitation with anti-BiP or anti-Ig heavy chain. 

Results 

Immunoprecipitation of BiP and Immunoglobulin 
Heavy Chains from a Nonsecreting (y+, k ) and a 
Secreting f7i + , **) B-C ell Hybridoma 
To compare the association of BiP with free and assembling 
heavv chains we have selected a nonsecreting variant of the 
mveloma P3X63-Ag8, designated Ag8(8) O, and a 
secreting hvbndoma RD3-2 ( 7 , + , Like pre-B cell-den ved 
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hybndomas, Ag8(8) produces only heavy chains which remain 
intracellular. Cells were labeled with [ 35 S]methionine for 13 
,min and lvsed immediately with detergent or chased for 60 
tain in excess cold methionine before lysis. The lysates were 
divided and immunoprecipitated separately with monoclonal 
anti-BiP or anti-7, heavy chain-specific antibody. When Ig- 
secreting RD3-2 cells were immunoprecipitated with anti-71 
antibodv and the precipitated proteins separated by SDS 
PAGE under reducing conditions, heavy chains and light 
chains were detected (Fig. 1 A, lane 1 ). When cell lysates from 
the 15-min pulse were immunoprecipitated with anti-BiP 
antibodv. BiP with M, 78,000 and a band migrating with the 
same mobility of 7 rheavy chain were detected (Fig. 1 A, lane 
2). No detectable band co-migrating with light chains is seen 
in the anti-BiP immunoprecipitate. After a 60-min chase, 
immunoprecipitation with anti-BiP yielded the same M, 
78 000 band, however, little protein with the molecular weight 
of '7, heaw chain is observed (Fig. I A, lane 4). After the 60- 
min chase, labeled intracellular heavy and light chains are 
still present and are precipitated with anti-7. antibody (Fig. 
1 lane 3). These results suggest that heavy chains in RD3-2 
associate transiently with BiP after their synthesis, and these 
heavy chains that are associated with BiP have not acquired 
light chains. When the same type of experiment was con- 
ducted with nonsecreting Ag8(8), BiP and 7. heavy chains 
were precipitated as a complex regardless of which precipi- 
tating antibody was used (Fig. 1 B). In contrast to the results 
obtained with RD3-2, the BiP heavy chain complex is stable 
and does not dissociate after a 60-min chase (Fig. 1 B, lanes 5 
and 4). 
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A similar pattern of association between heavy chains and 
BiP was demonstrated in cells producing ^-chains. A nonse- 
creting pre-B-derived hybridoma, 15-58 which produces M - 
chains tn the absence of light chain synthesis and a conven- 
tional M ,X secreting hybndoma MM60 were immunoprecipi- 
tated with anti-M heaw chain-specific and anti-BiP antibody. 
The M-chains from each of these cell lines migrate as two 
primary bands reflecting an apparent glycosylation heteroge- 
neitv that is observed among IgM oligosaccharides (1). After 
treatment with endoglycosidase H or when cells are labeled 
in the presence of tunicamycin a single band representing 
nonglvcosylated M -chain is resolved (Bole, D. G., L. M. Hen- 
dershot, j' F. Kearney, unpublished observations). After 15 
min of labeling two bands with apparent mobility character- 
istic of M-chains were immunoprecipitated from 15-58 with 
either anti-BiP or anti-^ chain antibodies (Fig. 2 A, lanes 2 
and J). However, after a 1-h chase period, three bands are 
immunoprecipitated with both anti-M and anti-BiP antibodies 
(Fig. 2/1, lanes 4 and 5); the top band likely corresponds to 
BiP and the two bands below to M-chains which now migrate 
with increased mobility. An increase in the mobility of the u- 
chains could result from exoglycosidase trimming of the five 
oligosaccharide units of the M -chains (15, 41). In contrast to 
15-58, when lysates from MM60 were immunoprecipitated 
with anti-BiP antibody, very little co-precipitation of M-chain 
is detected in the pulse and the chase (Fig. 2£, lanes 3 and 
5). MM60 M-chains immunoprecipitated with anti-M antibody 
show an increase in mobility after the 60-min chase, similar 
to that observed in 15-58. Thus a prolonged association 
occurs between BiP and the M-chains in nonsecreting 15-58 
that is not observed in secreting MM60; similar to the results 
obtained with Ag8(8) and RD3-2. 
Association of BiP with Assembling Immunoglobulin 
Precursors in RD3-2 

Fig. \A demonstrated that nascent heavy chains in RD3-2 
that were co-precipitated with BiP contained few if any light 
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Figure L Association of BiP with 7l heavy chains in secreting RD3- 
-» and nonsecreting Ag8(8) hybndomas. Secreting RD3-2 ^ cells (A) or 
nonsecreting Ag8(8) cells (B) were pulsed 15 min with [ ^methio- 
nine, lvsed in detergent, and immunoprecipitated with goat anti-7. 
heavv chain antibody and protein A-Sepharose (lanes /) or with 
monoclonal rat anti-BiP antibody coupled to Sepharose (lanes 2). 
Cells pulsed 15 min and chased 1 h in excess cold methionine before 
Ivsis were immunoprecipitated with goat anti-71 heavy chain antibody 
(lanes J) and ann-BiP Sepharose (lanes 4). Lanes 5 show immuno- 
precipitation of cell lysates after a 15-min label with a monoclonal 
rat anti-mouse IgD (11-1 1) as control. Immunoprecipitated proteins 
were reduced and resolved on 10% SDS PAGE. 



Figure 2. Association of BiP with M-heavy chains in 15-58. a nonse- 
creting pre-B hvbndoma and MM60, a conventional secreting hy- 
bridoma. Nonsecreting 15-58 cells (.-1) and secreting MM60 cells (B) 
were labeled 15 min with [ 35 S]methiomne and immediately lvsed in 
detergent and immunoprecipitated with goat anti- M heavy chain 
antibodv and protein A-Sepharose (lanes 2) or monoclonal anti-BiP 
antibodv and protein A-Sepharose (lanes 3). Cells labeled for 15 min 
and then chased for 1 h were immunoprecipitated with goat anti-M 
antibodv and protein A-Sepharose (lanes 4) or monoclonal anti-BiP 
antibodv and protein A (lanes 5). Cells labeled for 15 mm and 
immunoprecipitated with protein A-Sepharose alone are shown in 
lanes /. Immunoprecipitated proteins were reduced and resolved on 
8% SDS PAGE. 
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chains. This observation suggestec^Bthe association of BiP 
with heavy chains in this secreting I^ndo ma was a transient 
posttranslational event occurring before light chain addition. 
To further investigate this association, we examined the as- 
sembly of tg precursors in RD3-2 by immunoprecipitation 
with anti-71 heavy chain-specific and anti-BiP antibody. 
Pulse-chase experiments were performed and immunoprecip- 
ltated proteins resolved on nonreducing gels. When heavy- 
chains were immunoprecipitated with anti-71 antibody free 
heavy chains (H), heavy chain dimers (H2), dimers with one 
light* chain (H2L), and complete (H2L2) molecules were 
observed (Fig. 3 A). A small amount of BiP was also detected 
when lysates were immunoprecipitated with anti-heavy chain 
antibody. The preferred sequence of assembly of mouse Igd 
requires heavy chains to polymerize into heavy chain dimers 
before light chain addition occurs (5). With increasing chase 
time incompletely assembled Ig precursors polymerized with 
light chains into the mature completely assembled H2L2 
molecules. When immunoprecipitation was performed with 
anti-BiP antibody, free heavy chains, heavy chain dimers, and 
dimers with one light chain were co-precipitated with BiP. 
However, no completely assembled H2L2 molecules were 
associated with BiP (Fig. 35). Thus when Ig assembly is 
complete affinity of BiP for RD3-2 heavy chains is lost. - 

The Effect of Tunicamycin on Immunoglobulin 
Assembly and Association with BiP 

Before polymerization with light chain, Ig heavy chains are 
glycosylated co-translationally (3). Inhibiting the glycosylation 
of Ig heavy chains with tunicamycin could affect the folding 
of the nascent molecule within the endoplasmic reticulum. 
We examined the assembly of heavy and light chains in J558 
an a,\ myeloma and compared the association of BiP with 
J558 heavy chains in cells which had been cultured in the 
presence and absence of tunicamycin. Intracellular transport 
and secretion of IgA in myelomas is sensitive to but not 
completely blocked by tunicamycin treatment (14). 

J558 cells were pulse labeled and chased for increasing 
periods of time in the presence or absence of tunicamycin 
before lysis. Immunoprecipitation of Ig from these cells with 
anti-a heavy chain-specific antibody precipitated heavy 



chains with association chains (Fig. 4, A and C). At early 
time points after pulse labeling, very few light chains co- 
precipitated with heavy chains in lysates from the tunicamy- 
cin-treated cultures (Fig. 4C, lanes 1 and 2). In contrast, light 
chains were rapidly associated with heavy chains in control 
cultures (Fig. 4A, lanes / and 2). These results suggest that 
subunit assembly occurs less efficiently when glycosylation is 
inhibited or blocked. A lack of heavy chain oligosaccharide 
units has been shown to inhibit assembly of Ig in vivo (10) 
and in vitro (18). If displacement of BiP is a consequence of 
light chain assembly, it would be anticipated that BiP associ- 
ation would be enhanced in the presence of tunicamycin. 

Fig. 4, B and Z), shows that BiP and associated heavy chains 
are precipitated with anti-BiP antibody. The amount of heavy 
chains co-precipitating with anti-BiP antibody is much greater 
when tunicamycin is included in the culture (compare Fig. 4, 
B and D). The heavy chains precipitated with BiP from the 
control lysate contain multiple bands which may reflect gly- 
cosylation heterogeneity of the a-heavy chains. The relative 
enhancement of BiP heavy chain complex observed in the 
tunicamycin-treated cells was estimated by densitometer trac- 
ings of heavy chains co-precipitated with BiP (Fig. 45, lane I 
[sum of three species] and Fig. 4D, lane 7 [one species]). 
Based on band intensity of the autoradiography densitometer 
analysis revealed that four times as many heavy chains copre- 
cipitated with anti-BiP antibody from lysates of tunicamycin- 
treated cells compared to the control cell cultures without 
tunicamycin. The relative quantity of heavy chain co-precip- 
itating with BiP was standardized for the densitometer value 
of BiP precipitated from each fraction. Thus, in J558, preven- 
tion of glycosylation by tunicamycin appears to delay the 
assembly of heavy and light chains and retards the displace- 
ment of BiP from nonglycosylated heavy chains. These results 
suggest strongly that there exists a direct correlation between 
assembly of Ig and BiP displacement. 

Autoimmune Nature of Anti-BiP Antibody 
The results of the above-described studies suggest that BiP is 
associated with heavy chains after their synthesis and before 
addition of light chain is complete. This requires that BiP, 
and partially and completely assembled functional Ig mole- 
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Figure 3. Association of BiP with assembling 
immunoglobulin precursors in RD3-2. RD3-2 
cells were labeled for 10 min with [ 35 S]methio- 
nine and then chased with excess cold methio- 
nine for 0, 1, 2, 5, 7, 10, 20, and 60 min, at 
which time point an aliquot of the cell culture 
was iysed in detergent. Cell lysates from each 
time point were split and immunoprecipitated 
separately with either goat anti-71 heavy chain 
antibody and protein A-Sepharose {A) or with 
monoclonal anti-BiP coupled to Sepharose {B). 
Assembling protein precursors were run on 8% 
SDS PAGE under nonreducing conditions. The 
fluoroenhanced gel represented in B was exposed 
to film approximately twice as long as the gel in 
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Figure 4 The effect of tumcamycm on immunoglobulin assembly and association with BiP in J558 J558 cells were cult ured in the absence ^ 
and?) or presence (C and D) of 2.5 „g/ml tumcamycm 30 mm before labeling. Cells were labeled for 10 mm with [»S]mcth,omnc and then 
chased in excest cold methionine for 0, 10, 20, 30, and 60 min (lanes 1 to 5, each panel) before lysis in detergent Lvsates were immunoprecipitated 
wi^goat anfa h avy chain antibody, and protein A-Sepharose (A and C) or with monoclonal rat anti-BiP and protein A -Sepharose (B and 
DU^uZ^^ P-tems were reduced and resolved on 10% SDS PAGE. Ruoroenhanced gels containing anti-BiP immunoprecipitates 
(/and D) were exposed to film approximately twice as long as those containing anti-a immunoprecipitates (A and C). 
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Figure 5. Autoimmune nature of anti-BiP antibody. Rat X Ag8.653 
heterohybnd 2-1 cells secreting anti-BiP antibody were labeled for 15 
min and then lysed in detergent and immunoprecipitated with protein 
A-Sepharose (lane /). Cell-free culture supernatant from 2-1 cells 
labeled for 15 min and chased 4 h was immunoprecipitated with goat 
anti-rat IgG coupled to Sepharose 4B (lane 2). Cell-free culture 
supernatant from rat heterohybridoma 11-11 cells labeled for 15 min 
and chased for 4 h was immunoprecipitated with goat anti-rat IgG 
Sepharose (lane 3). Labeled cell free supernatant from 11-11 was 



cules, be present simultaneously within the same subcellular 
compartment where Ig assembly occurs. Thus in the hetero- 
hybridoma, 2-1, which synthesizes antibody with binding 
affinity for BiP, functional antibody that can bind BiP should 
co-exist at least transiently withinjhe same subcellular com- 
partment as BiP. 

To examine what possible effects such interaction may have 
on the cellular location of intracellular^ immune-complexed 
BiP, the heterohybridoma, 2-1, and a control heterohybrid- 
oma, 11-11, were labeled with [ 35 S]methionine and the cell- 
free culture supernatants immunoprecipitated with goat anti- 
rat Ig. Heavy and light chains were secreted from both the 2- 
1 and 11-11 culture supernatants (Fig. 5, lanes 2 and 3). 
However, a small amount of an additional protein of M T 
78,000 co-precipitated with secreted Ig from the 2-1 heterohy- 
bridoma (Fig. 5, lane 2). The co-precipitating protein co- 
migrated on SDS PAGE with intracellular BiP immunopre- 
cipitated from a ceil lysate of 2-1 (Fig. 5, lane 7). We believe 
this to be BiP that has been secreted in an immune complex 
with a small fraction of the secreted antibody 2-1. 

If BiP is membrane-associated or is tightly associated with 
an intracellular structure, it is probable that antibody immune 
complexed to BiP would remain within intracellular sites. The 
co-precipitation of BiP from the culture supernatant of 2-1 
suggests that BiP is a soluble protein which when immune 
complexed to specific antibody can be transported in unison 
along the secretory pathway and subsequently secreted to- 
gether with Ig. This demonstrates in unbroken, viable cells 



mixed with an equal volume of unlabeled 2-1 supernatant and 
immunoprecipitated with goat anti-rat Ig Sepharose (lane 4). Immu- 
noprecipitated proteins were reduced and resolved on 10% SDS 
PAGE. 
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that BiP and Ig at some time mus'WPexist within the same 
intracellular compartment. 

To rule out the possibility that a small amount of BiP 
leaked from 2-1 ceils while in culture and that immune 
complex formation occurred after secretion of antibody into 
the culture fluid, we immunoprecipitated unlabeled supernate 
from 2-1 that was mixed with labeled supernate from 11-11 
with goat anti-rat Ig. Precipitated proteins analyzed by SDS 
PAGE revealed only the precipitation of 11-11 heavy and 

Sucrose Concentration 



light chains; no bano^mgrating with A/ r 78,000 was detected 
(Fig. 5, lane 4). Therefore, the anti-BiP antibody in the 
unlabeled 2-1 supernatant was unable to immune complex 
any labeled BiP in the supernatant of 1 1-1 1. Immunoprecip- 
itation of cell culture supernatants from other ceil lines with 
anti-BiP antibody has failed to detect extracellular BiP. This 
suggests that the presence of BiP in the supernatant of 2-1 is 
due to specific co-transport with anti-BiP antibody and is not 
a result of nonspecific leakage. 
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Figure 6. Subcellular fractionation of 
RD3-2 and Ag8(8), RD3-2 cells were 
disrupted by nitrogen cavitation and a 
postnuclear supernatant layered over 
a discontinuous sucrose gradient. 
After centrifugation membrane con- 
taining fractions were collected from 
the bottom of the tube. Marker en- 
zymes for RER, mannosyltransferase, 
and Golgi apparatus galactosyltrans- 
f erase were assayed. The marker en- 
zyme profiles were obtained from 
RD3-2. A similar distribution of 
marker enzyme activity was obtained 
from Ag8(8) (not shown). For immu- 
noprecipitation of Ig heavy chains 
from fractionated membrane vesicles 
of RD3-2 or Ag8(8), cells were labeled 
for i 5 min and then chased 30 min in 
the presence of excess cold methio- 
nine. Labeled cells were then sub- 
jected to nitrogen cavitation and 
membrane fractions were resolved 
over a discontinuous sucrose gradient. 
To each fraction was added an equal 
volume of 2x lysis buffer. Labeled Ig 
was immunoprecipitated from mem- 
brane fractions of RD3-2 {A) or 
Ag8(8) {B) with goat anti-7, antibody 
and protein A-Sepharose. Immuno- 
precipitates were reduced and proteins 
separated by 10% SDS PAGE. 
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Intracellular Location of BiP and Immunoglobulin 
Heavy Chains in Secretory RD3-2 and in 
Nonsecretory Ag8(8) Hyhridomas 
The analysis of the association of BiP with Ig heavy chains 
suggests this interaction occurs in the endoplasmic reticulum. 
Since heavy chains, in heavy chain-only cell lines, are not 
secreted and have a prolonged association with BiP it is 
possible that heavy chains associated with BiP remain within 
the RER. Resistance of oligosaccharides to endoglycosidase 
H cleavage has been used as a marker for measuring intracel- 
lular transport of many glycoproteins to the Golgi apparatus. 
However, endoglycosidase H-resistant oligosaccharides can- 
not be demonstrated among intracellular Ig of many mouse 
myelomas (15, 41). Thus terminal glycosylation is observed 
as' a co-secretional event within mouse myeloma cells. For 
this reason we separated membranes of the RER, smooth 
endoplasmic reticulum (SER), and Golgi apparatus to exam- 
ine the intracellular location of BiP and associated heavy 
chains in secreting RD3-2 and nonsecreting Ag8(8). 

RD3-2 and Ag8(8) cells were disrupted by nitrogen cavita- 
tion and a postnuclear supernatant containing membrane 
vesicles was fractionated on a discontinuous sucrose gradient. 
Membranes enriched for RER, SER, and Golgi apparatus 
were recovered at the three interfaces of the sucrose layers 
after centrifugation. Fig. 6 shows the location of the marker 
enzvme mannosvl transferase for RER and galactosyl trans- 
ferase for the trans-Go\& region. Membranes banding at the 
second interface between fractions 7 and 8 are believed to be 
enriched for SER. Mannosyltransferase activity can be shifted 
from fraction 2 to fraction 7 in the presence of EDTA (data 
not shown). The majority of galactosyltransferase activity is 
concentrated around fraction 13 (Golgi membrane); however, 
significant amounts of galactosyltransferase activity are also 
present in fractions designated RER and SER. The fractions 
designated RER and SER do not contain mannosyltransferase 
activity above background, and thus were considered free of 
RER-derived membranes. 

Cells were labeled with [ 35 S]methionine for 15 mm and 
given a 30-min chase before disruption. Membrane fractions 
from RD3-2 and Ag8(8) were analyzed for presence of Ig and 
BiP. Membrane vesicles in each fraction were solubihzed with 
lvsis buffer and then immunoprecipitated separately with anti- 
7, heavy chain and anti-BiP antibody. Immunoprecipitated 
Ig from RD3-2 cells was present in greatest quantities in 
fractions enriched for RER, SER, and Golgi membranes (Fig. 
6 A) An addition, Ig was immunoprecipitated from fractions 
1 7, 1 8, and 19 which represents Ig in the cell disruption buffer 
that does not sediment with membrane vesicles. This most 
likelv is Ig that has leaked from membrane vesicles dunng the 
cell disruption procedure (36). Fractionated membranes from 
Ag8(8) show a different migrational profile for heavy chains 
within the sucrose gradient than those of RD3-2 (Fig. 6B). 
Heaw chains which are associated with BiP are present in 
greatest amounts in fraction 2 containing RER membranes; 
onlv a verv small amount of heavy chain is seen in the SER, 
or Golgi fractions. Densitometer tracings were performed on 
the autoradiographs (Fig. 6, A and B) to quantitate the relative 
amounts of heaw chain within each fraction. The results 
obtained are shown in Table I. In RD3-2. 41 % of the 71 heavy 
chains were found in the RER and 38% in the Golgi appara- 
tus, whereas in Ag8(8) 73% of the heavy chains were within 



Table I. Subcellular Localization of Intracellular Ig and BiP 
in RD3-2 and Ag8(8j 



Cell type and protein precipi- 
tated 


Subcellular fraction 




RER 


SER 


Golgi 
apparatus 


Cyiosol 




% 


% 


% 


% 


Ag8(8), 7i 30-min chase 


73 


6 


3 


18 


RD3-2, 7! 30-min chase 


41 


17 


38 


4 


Ag8(8). BiP 30-min chase 


61 


2 


<2 


36 


RD3-2, BiP 30-min chase 


82 


<\ 


<1 


17 


RD3-2, BiP 4-h chase 


60 


3 


<2 


33 



Labeled Ig heaw chains or BiP was quantised by densitometer tracings. 
Fractions 1. 2, and 3 were designated RER. fractions 7 and 8 SER, fractions 
12 13 and 14 Golgi apparatus, and fractions 17, 18, and 19 were designated 
cvtosoiic or nonmembrane vesicle -associated protein. The percent of total 
intracellular heaw chain or BiP within each subcellular fraction was determined 
by dividing the relative densitometer value of a subcellular fraction by the value 
of the total of all fractions. 



the RER and only 3% in the Golgi apparatus. The subcellular 
fractions from Ag8(8) and RD3-2 were also examined for 
presence of BiP by immunoprecipitation. Table I shows that 
BiP is found largely in RER fractions from each cell type, and 
is not present in other membrane fractions in quantities larger 
than 3% of total. The presence of BiP in the cytosolic fractions 
supports the hypothesis that BiP is soluble and not a mem- 
brane-associated protein. BiP was also extracted into the 
aqueous phase during Triton X-114 detergent partitioning 
(not shown), a procedure which promotes separation of inte- 
gral membrane proteins into a detergent phase and soluble 
proteins into the aqueous phase (6). Thus BiP is most likely 
located within the RER and can be demonstrated to behave 
as a freely soluble protein. 

Discussion 

The studies described in this paper focus on the association 
of the microsomal protein BiP with intracellular Ig heavy 
chains from secreting (H + , L + ) and nonsecreting (FT, L ) 
mouse B lymphocyte cell lines. A direct correlation exists 
between light chain addition, BiP displacement and the ability 
of assembled Ig molecules to be transported to the Golgi 
apparatus. 

The detection of BiP heavy chain complexes in (H + , L + ) 
cell lines would be anticipated to be dependent on both the 
molar ratio of heavy and light chains and the mode and rate 
of assembly of the chains within a given cell line. Analysis of 
a variety of myelomas has shown that heavy and light chains 
are synthesized in variable ratios, however, the majority have 
a molar excess of light over heavy chains (2). Thus the 
detectable amount of free heavy chain associated with BiP 
may be very small when heavy chain concentration limits 
assembly. Our ability to readily detect BiP heavy chain com- 
plexes in RD3-2 and not in MM60 may reflect a difference 
in H:L chain ratios as well as the mode of light chain addition. 
RD3-2 assembles heavy chain dimers (H2) before light chain 
addition, whereas in IgM-producing cell lines such as MM60, 
light chains are added directly to individual heavy chains (5, 
30). Consequently, if BiP displacement is mediated solely by 
light chain addition, heavy chains available for BiP association 
would exist within RD3-2 until the last light chain is added 
forming the H2L2 tetramer, while in MM60 BiP would be 
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displaced immediately after the ^Hght chain is added 
forming the HL dimer. 

In RD3-2 and J558, co-precipitation of BiP with assembling 
Ig precursors was readily observed when anti-BiP antibody 
was used as the precipitating agent. However, when assem- 
bling heavy chains were precipitated with anti-heavy chain 
antibody, little or no co-precipitating BiP was observed. It is 
not known why the BiP heavy chain complex is more readily 
detectable from the anti-BiP immunoprecipitates. This obser- 
vation may explain why BiP has not previously been identified 
to co-precipitate with assembling Ig heavy chains when ana- 
lyzed with polyclonal anti-heavy chain antibody reagents. 
' Experiments with J558 revealed that when glycosylation of 
heavy chains was inhibited with tunicamycin, an increased 
level of BiP heavy chain complex was observed in pulse-chase 
experiments. Inhibition of heavy chain glycosylation has been 
reported to relieve a translation^ block in heavy chain syn- 
thesis. Relief of this block resulted in a higher H/L ratio (4). 
If tunicamycin relieves a translational block of heavy chain 
synthesis in J558, the increase in BiP heavy chain complexes 
observed in the presence of tunicamycin could result from an 
increase in the intracellular pool of heavy chain. Alternatively, 
inhibition of glycosylation could prevent normal protein fold- 
ing resulting in a heavy chain conformation that associates 
less efficiently with light chain (10, 18). 

Subcellular fractionation of Ag8(8) demonstrated that 
transport of free heavy chains to the Golgi compartment is 
either blocked or is inefficient when compared to the transport 
of completely assembled molecules in RD3-2. This finding is 
in agreement with the differential transport of membrane and 
secretory ^-chains within the human B-cell line, Daudi. Daudi 
cells produce both secretory and membrane ^-chains, however 
only the membrane ^-chains are externalized (10). The secre- 
tory heavy chains do not assemble with light chain and remain 
endoglycosidase H sensitive and thus are blocked from trans- 
port to, at least, the medial Golgi region (Hendershot, L., 
manuscript in preparation). BiP was only immunoprecipi- 
tated in significant quantities from the RER membrane- 
enriched vesicles. This finding demonstrates that BiP is a 
native component of the RER and maintains its subcellular 
location despite a continual synthesis and export of newly 
synthesized secretory protein. Thus, the transport of Ig from 
RER to Golgi apparatus is a very selective process restricting 
transport of native RER luminal components. A similar 
restriction of subcellular location has also been shown for 
three membrane-associated RER-specific proteins within a 
mouse myeloma (23). 

Intracellular transport of secretory proteins from the RER 
to the Golgi apparatus has been hypothesized to be mediated 
by receptors within the endoplasmic reticulum (12, 24, 40). 
Receptor-mediated intracellular transport would ensure selec- 
tive transport of only those proteins expressing determinants 
recognized by such receptors. Our data demonstrating selec- 
tive transport of assembled Ig directly supports such a hy- 
pothesis. In the absence of light chain assembly, signals nec- 
essary for transport are not expressed on heavy chains asso- 
ciated with BiP. Transport signals within the heavy chain may 
be sterically masked by BiP, or BiP may influence the folding 
of the heavy chain such that proper conformation necessary 
for transport is not achieved. Light chain addition with disas- 



sociation of BiP app^^fc) be necessary for initiating trans- 
port. This suggests th9|£ may play a regulatory role in the 
intracellular transport of Ig molecules by preventing the pre- 
mature transport and possible expression of Ig heavy chains 
before their assembly with light chain. 

Acquisition of proper conformation has been demonstrated 
to be necessary for the transport of other secretory proteins. 
In this regard, the transport of retinol-binding protein requires 
exogenous ligand for exit from the RER (34). One and two 
amino acid substitutions within secretory proteins can prevent 
their secretion presumably by altering conformation (44, 45). 
In addition, the prevention of glycosylation or its processing, 
which may influence protein folding, have been shown to 
affect efficiency of intracellular transport of Ig as well as other 
secretory proteins (22, 25). The signals necessary for directing 
transport and secretion of Ig molecules as well as other 
secretory proteins are enigmatic. Secretion of assembled Ig 
can occur in cells producing mutant heavy chains with dele- 
tions of any one of the constant region domains (20). Thus 
no one domain is necessary for secretion. In contrast to heavy 
chains, some but not all light chains can be secreted unassem- 
bled when light chain synthesis is in excess of heavy chain 
synthesis or when cells have lost the ability to 'produce heavy 
chains (19). These observations may suggest that neither the 
heavy chain nor light chain in itself is sufficient for signaling 
transport, but that it is the product of the two chains within 
the assembled molecule that signals transport. Heavy chains, 
however, can possess signals sufficient for secretion. In con- 
trast to ^-chains in pre-B cells, heavy chains can be secreted 
in the absence of light chain synthesis in lymphoproliferative 
heaw chain disease (35) and in some mutant myelomas (9, 
29). Examination of many heavy chain disease proteins has 
shown that they contain deletions that include portions of the 
first constant region (CH,) and/or variable region domains 
where light chains associate (35). In preliminary experiments, 
we have been unable to demonstrate association of BiP with 
heavy chains containing deletions within the CHi domain. 
We speculate that association of nascent heavy chains with 
BiP requires an intact CHi domain. 

We have described a novel posttranslational processing 
event involving the association of unassembled intracellular 
Ig heaw chains with the microsomal protein BiP. This asso- 
ciation occurs early in the maturational process of immuno- 
globulin assembly within the endoplasmic reticulum. We 
propose that the association of BiP with unassembled heavy 
chains may prevent their transport along the secretory path- 
way by masking expression of transport recognition signals 
within the heavy chain molecule. We have found BiP to be 
ubiquitously distributed among cells of different lineages and 
from the results of preliminary experiments speculate that 
BiP may function in posttranslational processing and trans- 
port of other secretory proteins as well. 
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and suggestions, and Ann Brookshire for her help m preparing the 

manuscript. - AR 

This work has been supported by grants CA 16673, LA I J 145, 
and AI 14782 from the National Institutes of Health. John F. Kearney 
is the recipient of a Research Career Development Award, AI 00338. 

Received for publication 25 November 1985, and in revised form 31 
January 1986. 



Bole et al. Immunoglobulin Heavy Chain Binding Protein 



1565 



References 

I Anderson D. R.. and W. J. Cnmes. 1982. Heterogeneity of asparagine- 
linked oligosaccharides of five glvcosylation sites on .mmuno^obulm ^ Vt heavy 
chain from m.neral oil plasmacytoma 104E. J Biol. Chem 25 >. 14858-14864. 
C 2 Baumal. R . and M. D. Scharft. 1973. Synthesis a«mWy and secreuon 
of 7-globulin bv mouse myeloma cells. J Immunol 1 1 1:448-436. 

3 Bergman. L. W.. and W. M. Kuehl. 1979. Co-translationa modihca >on 
of nascent immunoglobulin heavy and light chains. / Supramoi. Struct. 1 1:9- 

24 ' 4 Bergman. L. W., E Hams, and W. M. Kuehl. 1 98 1 . Glvcosylation causes 
an apparent block in translation of immunoglobulin heavy chain. J Biol 

CH T B^ 6 an°M. J.. R. M. E. Parkhouse. A. R. Williamson and B A. Askonas. 
1972. Biosvnthesis of Immunoglobulin. Prog. Biophys. Mol. Biol. ^' ^J ^ 

6 Bordier C 1981. Phase separation of integral membrane proteins in 
Tnton X-l 14 solution. J. Biol. Chem 256:1604-1607. 

7 Brew K.i.H. Shaper. K. W Olsen. I P. Trayer. and R. L Hill. 19/>. 
Cross-linking of the components of lactose synthetase with dimethylpimelimi- 

, P. Kea.ey. 1979 Evidence that = e 
pre-B cells synthesis M-heavy chains but no light chains. Same {Land). 

280 u 83 Dac 4 kowski, W.. and S. L. Mornson. 1981. Two a heavy chain disease 
proteins with different genom.c deletions demonstrate that nonexpressed a 
heavy chain genes contain methylated bases. Proc. Natl. Acad. Sa. ISA 

U 10 DuUs/b. H.. T. M. KJoppel. H. M. Grey, and R I. Kuba i>82 
Regulation of catabolism of IgM heavy chains in a B lymphoma cell line. J. 
Biol Chem 2^7:4369-4374. . „ .„ 

I I Fitting T and D. Kabat. 1982. Evidence for a glycoprotein signal 
.nvolved in 'anspon between subcellular organelles. / Bid. Chem. 257: 1401 1- 

U P '"Fries E L. Gustafsson. and P. A. Peterson. 1984. Four secretory proteins 
synthesized" bv hepatocytes are transported from endoplasmic reticulum to 
Golgi complex at different rates. EMBO (Eur Mol. Bio ^^3:14/-!^ 
13. Haas. I. G.. and M. Wabl. 1984. Immunoglobulin heavy chain binding 
nrotem. Nature (Lond.). 306:387-389. , 
P 14. Hickman. S.. and S. Komfeld. 1978. Effect of tumcamycin on IgM IgA. 
and IgG secreuon by mouse plasmacytoma cells. J. Immunol \2\ -^f9b- 

1< Hickman S J. L. Theodorakis. J. M. Greco, and P. H. Brown. 1984. 
Processing of MOPC 315 immunoglobulin A oligosaccharides: evidence : tor 
endopTasmic reticulum and ,rans-Go\p al.2-mannos.dase aenvrtv / Cell Bud. 

^^Kearney J. F.. A. Radbruch. B. Liesegang. and K. Rajewsky. 1979 A 
new mouse mveloma cell line that has lost immunoglobulin expression but 
perm.ts the construction of antibody-secreting hybnd cell lines. / Immmol 

'^''learne 5 ?: J. F.. D. E Bnles. and M. J LeJeune. .981. A study of 
immunoglobulin diversity expressed by hybndornas made with , pre-B cells and 
immature B Ivmphocvtes. In Monoclonal Ant.bodies and T-cel Hybndornas. 
0.7. Hammerling. U. Hammerling. and J. F. Kearney, editors. Elsever/North- 
Holland Biomedical Press. 379-387. . F D 

18 KJeine R F. V. Shmakova. V. A. Lapuk. G. V. Vikha. and t. u. 
kaverznea. 1975. Different behavior of immunoglobulin M poor in carbohy- 
drate and native immunoglobulin M dunng dissociation and reassociation ,n 
vitro. Immimvchemistry. 12:825-831. u ♦ ; mm „ 

19 Kbhier G.. S. C. Howe, and C Milstein. 1976. Fusion between immu- 
noglobulin-secreung and nonsecreting myeloma cell lines. Eur. J. Immunol. 

kibbler G.. M J. Potash. H. Lehrach. and M. J. Shulman. 1982. 
Deletions in immunoglobulin mu chains. EMBO (Eur. Vol. Biol Organ.) J. 

L Yi 5 "uemmli. L\ K 1970, Cleavage of structural proteins , dunng the assem- 
blv of the head of bacteriophage T4. Nature (Lond.). 227:680-685. 

" Leavm. R.. S. Schlesinger. and S. Komfeld. 1977. Impaired intracellu ar 
migration and altered solubility of ^glycosylated ^ of Vesicular 
Stomatitis v,rus and Sindbis virus. J. Biol. Chem. 252:90 18-902 x 
21 Lewis. M. J., S. J. Turco, and M. Green. 1985. Structure and assembly 



of the endoplasmic reticulum: biosynthetic sorting of endoplasmic reticulum 
proteins./ Biol. Chem 260:6926-6931. 

M Lodish H F N. Kong, M. Snider, and G. J. A. M. Strous 198;. 
Hepatoma secretory proteins migrate from rough endoplasmic reticulum to 
Golgi at characteristic rates. Nature (Lond.). 304:80-83. 

25. Lodish, H. F.. and N. Kong. 1984. Glucose removal from N-lmked 
oligosaccnandes is required for efficient maturation of certain secretory glvco- 
proteins trom the rough endoplasmic reticulum to the Golgi complex. J tell 
Biol 98:1720-1729. 

26, Mains. P. E.. and C H. Siblev. 1982. The requirement of light chain tor 
the surface deposition of the heavy chain of immunoglobulin M.J Biol. Chem. 
258 5027-5033,. 

27 Maki, R., J. Kearnev. C Paige, and S. Tonegawa. 1 980. Immunoglobulin 
gene rearrangement in immature B cells. Science* Wash. DC ). 209:1366-1369. 

28. Mornson, S. L. and M. D. SchartT. 1975 Heavy chain-producing 
variants of a mouse mveloma cell line. J. Immunol. 1 14:65>-6?9. 

29. Momson, S. L. 1978. Murine heavy chain disease. Eur J Immunol 
8:194-199. 

30 Parkhouse. R. M. E. 19^ 1 . Immunoglobulin M biosynthesis: production 
of intermediates and excess of light-chain in mouse myeloma MOPC 104... 
Biochem. J. 123:635-641. 

31. Pankh. I.. S. March, and P. Cuatrecasas. 1974. Topics in tte methodol- 
og\ of substitution reactions with agarose Methods Enrvmol 34:77-102. 

32 Perry. R. P.. D. E. Kellv. C, Coleclough. and J. F. Kearney. 1981. 
Organization and expression of immunoglobulin genes in fetai liver hybndo- 
rnas. Proc Natl. Acad. Sci. ISA. 78:247-25 1 . 

33. Pollok. B. A.. A. S. Bhown. and J. F. Kearney. 1982. Structural and 
biological properties of a monoclonal auto-anti-(anti-idiulype) antibody. Nature 
(Lond.) 29^:447-449. _ . , j n \ 

34 Ronne, H.. C. Ocklind, K. Wiman. L. Rask. B. Obnnk. and P. A. 
Peterson. 1983. Ligand-dependent regulation of intracellular protein transport: 
effect of vitamin A on the secretion of the retinol-binding protein. J Celt Biol. 
96:907-910. ^ ^ 

35 Seligmann. M.. E. Mihaesco J. L Preud'homme. F. Danon. and J. L. 
Brouet. 1979. Heaw chain disease; current findings and concepts. Immunol. 
Rev 48:145-167. ' . . 

36 Sherr. C. J.. 1. Schenkein. and J. W. Uhr. 1971. Synthesis and intracel- 
lular transport of immunoglobulin in secretory and nonsecretory cells Ann. 
NY Acad. Sa. 190:250-267. 

37 Siden E J D Baltimore. D. Clark, and N. Rosenberg. 1979. Immu- 
noglobulin synthesis by lymphoid cells transformed in vitro by Abelson murine 
leukemia virus. Cf//. 16:389-396. 

38 Stohrer R and J. F. Kearnev. 1983 Fine idiotype analysis of B cell 
precursors in the T-dependent and T-independent responses to a 1-3 dextran 
in BALB/c mice. J. Exp. Med 158:2081-2094 

39 StolU.. A. R. Robbins. and S. S. Krag. 1982 Mutant of Chinese hamster 
ovarv cells with altered mannose 6-phosphate receptor activity is unable to 
synthesize mannosylphosphoryldoiichol. Proc. Natl. Acad. Sa. ISA ,9 __96- 

" 3 40 Strous. G. J. A. M.. and H. F. Lodish. 1980. intracellular transport of 
secretorv and membrane proteins in hepatoma cells infected by Vesicular 
Stomatitis virus. Cell 22:709-717. 

41 TartakofT, A., and P. Vassalli. 1979. Plasma cell immunoglobulin M 
molecules their biosynthesis, assembly, and intracellular transport. / Cell Biol. 
83:28^-299. 

47 Thorens. B.. M.-F. Schulz. and P. Vassalli. 1985, Bone marrow pre-B 
Ivmphocvtes svnthesize immunoglobulin m chains of membrane type with 
different properties and intracellular pathways. EMBO (Eur. Mol. Biol. Organ.) 
7.4:361-368. 

43 Wabl. M.. and C. Steinberg. 1982. A theory of allelic and isotypic 
exclusion for immunoglobulin genes. Proc. Natl. Acad. Sa. ISA. 79:6976- 

6978., ■ r , 

44 Wu G E N Hozumi. and H. Munaldo. 1983. Secretion of a X 2 
immunoglobulin chain is prevented by a single amino acid substitution in its 
variable region. Cell. 33:77-83. 

4< Voshida A.. J. L.eberman. G. Laima. and C. Ewing 19 6. Molecular 
abnormalitv of human alpha.-antitrypsin variant. I Pi-ZZ) as sociated with 
plasma activity deficiency. Proc Natl. Acad Sa. ISA. ,3.13-4-13-8. 



Ui 

Ce 

Kar 

Dep, 
ofT 



Abst 

lipop 

ceptt 

was 

ies. / 

the I 

cells 

sivel; 

the c 

ungl; 

LDL 

remc 

into 

and i 

mulb 

(Kinj 



T 

large 
olism 
Gold^ 
The 1 
famil- 
toson 
tatior 
muta: 
been < 
cessin 
1985) 
in elu 
The 
occur 
tive; 1 
huma 
mary 
by a i 
the va 

1. Abbr 
hypercf 
fonyl fl 



The Journal of Cell Biology. Volume 102, 1986 



1566 



©The 
The Joi 



Volume 102 
Number 5 
May 1986 

Published by 

"'-ie Rockefeller 

imversity Press 

and edited 

in cooperation with 

The American Society 

for Cell Biology 




Exhibit 4 



INAIUKh VOL. 30f) 24 .NUVLMtltR 1983 



m 
■ d. 



s 



lis 
all 
in 
id 
th 

°y 

-6 
of 
vas 
■ed 



6. 



expression on the cell surface. ^^wm of the sizes of the visible 
human repetitive DNA bancSi^es us an estimate of the 
amplified unit of at least 200 kilobase pairs. 

Several pieces of evidence lead us to conclude that the struc- 
tural gene for Leu-2 is amplified in the selected cells expressing 
high levels of Leu-2: (1) the transfection frequency for Leu-2 
using J 10-6 DNA is 15-20 times greater than with the same 
amount of donor JM lymphoma DNA or J10 DNA, (2) double 
minute chromosomes, known to occur with gene amplification 
in mouse cells, are present in J 10-6 cells, (3) the introduced 
human or TK DNA integrated in the L-cell genome is amplified 
10-50 times based on Southern blots with human repetitive 
DNA or TK as probes. Spontaneous amplification for the Leu-2 
gene in a mouse L-cell transferent may be a fairly common 
event since at least 4 of 20 independent, FACS isolated, Leu-2 
transformed clones showed an increased and unstable pattern 
of antigen expression. For each of the four clones we were able 
to select cells with greater antigen expression by FACS selection 
of the brightest stained cells. Preliminary work indicates that 
growing cells in HAT medium versus non-HAT medium is more 
effective for this process. 

FACS has been used for selecting cells with other kinds of 
amplified sequences. Johnston et al? selected for amplification 
of dihydrofolate reductase (DHFR) in CHO cells by multiple 
cycles of sorting the brightest cells after staining with fluorescent 
methotrexate, an inhibitor of DHFR. This group obtained cells 
that had spontaneously amplified the DHFR gene 50-fold. With 
suitable fluorescent probes, selection for amplification of other 
genes may be made in a similar manner. 



LETTERS TO NATURE- 



Cells with a^Hd copies of a gene coding for a cell-surface 
antigen could oe^ery useful for cloning this gene. Cloning by 
cDNA methods could be simplified because the levels of mRNA 
are almost certainly increased in amplified cells. For example, 
Caskey ex ai s isolated a cDNA clone corresponding to the 
HPRT gene using a neuroblastoma line with 40-fold amplifica- 
tion. Double minutes could be isolated and used for the produc- 
tion of genomic libraries enriched for amplified sequences 9 . Cells 
with increased amounts of antigen expression should also make 
protein purification for structural and functional studies of cell- 
surface antigens easier. 
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Immunoglobulin heavy chain 
binding protein 

Ingrid G. Haas & Matthias Wabl 

Friedrich-Miescher-Laboratorium, der Max-Planck-Gesellschaft, 
Spemannstrasse 37-39, D-7400 Tubingen, FRG 

Pre-B lymphocytes, and hybridomas derived from them, 
synthesize immunoglobulin heavy (IgH) chain in the absence 
of light (L) chain 1 . In the Abelson virus transformed line 18-81, 
which is representative of the pre-B cell stage, we observed 
that at least some of the H-chains are bound to a protein other 
than L-chain. Here we show that the protein (which we term 
immunoglobulin heavy-chain binding protein, BiP) binds non- 
covalently to free IgH, but not to IgH associated with IgL. 

Some of the 18-81 cells produce p -chain and others produce 
y2b-chain. After fusion with a myeloma that does not synthesize 
any Ig chain, hybridomas can be recovered which produce /x- 
or y2b-chain, and some of which also produce *-chain 2 . 
Immunoprecipitation of intracellular Ig from the L-chain nega- 
tive pre-B cell hybridomas resulted in the co-precipitation of a 
protein migrating with the same electrophoretic mobility as 
M-chain in SDS-polyacrylamide gel electrophoresis (PAGE) in 
reducing conditions. We have previously shown that this protein 
of molecular weight 78,000 (78K) is not pt-chain 2 . Figure la 
shows this protein from cells of the hybridoma line H6 which 
produces y2b chain but no L-chain (lane 2). In the /x-chain 
producing hybridoma HI 3, there is a similar protein, which can 
be distinguished from ^i-chain, because this particular ^t-chain 
migrates slightly faster than normal (Fig. la, lane 1). Very small 
amounts of the 78K protein also co-precipitated with the 
intracellular (Fig. la, lanes 3, 5) but not with the secreted 
immunoglobulin (lanes 4, 6) from the plasma cell hybridomas 
Sp2 and PCI 56.0, which produce IgG2b and IgG3, respectively. 
The 78 K protein is not glycosylated (data not shown). 

In order to establish whether the 78K protein that co-precipi- 
tates with intracellular immunoglobulin is the same in-the differ- 
ent cell lines, peptide maps were analysed. The bands of interest 
were localized by autoradiography, cut out from the dried gels 
and subjected to limited proteolysis with papain 3 . In SDS- 



PAGE, at least 10 peptides are shared among the 78K proteins 
from the y2b-producing hybridoma H6 (Fig. lb, lanes 2, 6), 
from the fx- producing hybridoma HI 3 (lane 3) and from the 
plasma cell hybridomas Sp2 and PCI 56.0 (lanes 5 and 7 respec- 
tively). The peptide pattern of the -y2b-chain (lane 1) differs 
from that of the ^i-chain (lane 4) as well as from the peptide 
pattern of the 78K protein. From these results we conclude that 
the 78K protein is similar in the different cell lines. 

The co-precipitation of the 78K protein with IgH chain could 
have been due to a cross-reactivity of the antisera used in these 
experiments. We have excluded this possibility by carrying out 
the precipitation with Staphylococcus aureus in the absence of 
any antiserum. S. aureus binds the Fc portion of mouse ylb- 
chain but not of ji-chain. The 78K protein does not bind to S. 
aureus; that is, no protein is precipitated in a cell lysate of 
yn-producing cells with 5. aureus alone (Fig. 2, lane 3). However, 
on addition of anti-^t antiserum both the 78K protein and 
pi-chain are precipitated (Fig. 2, lane 5). Since the addition of 
5. aureus alone is sufficient to precipitate both the IgH chain 
and the 78K protein in y2b-synthesizing cells (Fig. 2, lane 6), 
the co-precipitation must be due to a binding of this protein to 
the y2b-chain. An explanation involving a binding of this protein 
to the S. aureus immunoglobulin complex can be excluded 
because (1) anti-K antiserum together with 5. aureus did not 
precipitate the 78K protein in the ^.-producing hybridoma HI 3 
(Fig. 2, lane 4); (2) the 78K protein was precipitated by anti-H 
chain antiserum together with a second antibody; (3) the precipi- 
tation of H chain and BiP was inhibited by the addition of 
unlabelled immunoglobulin of the same H-chain class, but not 
by the addition of immunoglobulin of other classes. Since the 
78K protein thus binds to the y2b-chain, but also to the H-chain 
of other classes, we propose that this protein be called immuno- 
globulin heavy chain binding protein (BiP). 

It is possible that the binding of BiP to H-chain is an artefact 
of the cell lysis and protein precipitation procedure — if BiP and 
H-chain were present in different cellular compartments the 
binding would occur only when the cells are lysed with detergent. 
To test this we analysed subcellular fractions obtained in the 
absence of detergent. BiP co- precipitated with H-chain in the 
microsomal fraction and in the soluble cytoplasm (Fig. 3a, lanes 
2, 3, Fig. 3b, lanes 2, 3). Although the ratio of H-cham to BiP 
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Fig. 1 A 78K protein that is co-precipitated with the intracellular 
immunoglobulin of various hybridomas. a, 2 < 10 6 cells were cul- 
tured irTthe presence of 35 S-methiomne, lysed in 0.5% non-i«mic 
detergent and the intracellular immunoglobulin was precipitated 
as described previously 2 . Secreted immunoglobulin was precipi- 
tated from the labelled supernatant of the cells. Analysis of the 
precipitated material was performed by electrophoresis in 10°.. 
SDS-polyacrylamide gels. Lane 1, pre-B-cell hybndoma H13- 
synthesizing M-chain precipitated with anti-/i; lane 2. pre-B-cell 
hybndoma H6 synthesizing ?2b-chain precipitated with S. aureus: 
lanes 3. 4, plasma cell hybridoma Sp2 synthesizing lgG2b. intracel- 
lular (lane 3) and secreted (lane 4); lanes 5, 6, plasma cell 
hybridoma PCI 56 0 synthesizing IgC3, intracellular (lane 5) and 
secreted (lane 6); lanes 3-6, precipitation by S. aureus alone b. 
Limited proteolysis of proteins was performed as described in the 
text The 35 S-methiomne-containing peptides were separated^ in 
20% SDS-polvacrvlamide gels and detected by fluorography. > 2b- 
chain of H6 (lane 1 j, 78K protein of H6 (lanes 2, 5). 78K protein 
of H13 (lane 3), u-cham of H13 (lane 4), 78K protein of Sp2 
(lane 5i, 78K protein of PCI 56.0 (lane 7). 

varies grear.lv in different precipitations from whole cell 1\ sates 
(high in Fig' 3a, K lane 1, lower in Fig. 1), in the cytoplasm 
and microsomal fraction the ratio of H : BiP is approximately 
1 : 1, at least when comparing Coomassie blue staining intensity 
(Fie. 3a. lanes 2, 3). BiP incorporates less 35 S-labelled methion- 
ine~than the y2b~chain, which results in a higher H : BiP ratio 
after autoradiography of the same gel (Fig. 3b). Thus Bip is 
bound to H-cham when there is no detergent, and each fraction- 
ition step caused increased binding of BiP to H-cham This 
Suggests to us that BiP is associated with H-chain in situ, but 
this point remains to be proven formally. 

BiP is bound noncovalentlv to H-chain in cells of the pre-B- 
cell line, Its expression in the pre-B-cell hybridoma in not 
induced bv the fusion event. These conclusions are drawn from 
SDS-PAGE analysis in non-reducing conditions (Fig. 4a » The 
intracellular M -chains of a subclone of the 1 8-81 cell line migrate 
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Fig. 2 The 78R protein binds to IgH chain. Experimental pro- 
cedure was as for Fig. la. Precipitation by 5. aureus was without 
antiserum in HI 1, synthesizing ^ * Oane 1), in H13 (lane 3). and 
H33-11-2 {lane 6); or by S. aureus with antiserum to *-cham in 
Hll (lane 2). in H13 (lane 4) or with antiserum to ^-chain in 
H13 (lane 5). 
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Fig. 3 Recovery of H-chain and BiP in the same subcellular 
compartments. ^Subcellular fractionation of 7 2b-chain synthesiz- 
ing pre-B-cell hvbridoma H33-2 was performed as follows: 2 >: 10 
35 S-methionine'labelled cells were added to 10 8 non-labelled cells, 
and washed in 0.25 M sucrose. Lysis and immunoglobulin precipi- 
tation were performed as described in Fig. 1 with 1 TO of these 
cells (lane 1). The rest of the cells were homogenized in 1 5 ml 
sucrose, layered on 2 ml 0.34 M sucrose, centnfuged for lOmin 
at 600g to remove the nuclei and unbroken cells. After removal 
of the mitochondrial fraction (lOmin at 5,000g), the soluble 
cytoplasmic proteins were separated from the microsomal fraction 
bv centnfugation at 54,000g for 1 h. The pellet of the microsomal 
fraction was solubilized with non-ionic detergent (0.5% Triton 
X-100). Precipitation was performed by addition of 5. aureus to 
the microsomal fraction (lane 2i and to the soluble cytoplasm 
proteins (lane 3). The cytoplasmic proteins thus never came in 
contact with determent. The gel was stained with Coomassie blue; 
Ova: ovalbumin, b. Autoradiography of the dried gel shown in a. 



mainlv as dimers (lane 3: the broadness of this band is presum- 
ably due to varying degrees of glycosylation of the ^.-chains). 
Some of the ^-chains migrate as monomers. BiP migrates differ- 
ently. It is resolved into two bands with a difference in apparent 
molecular weight of -1,000. The same gel pattern is obtained 
with the ^-producing pre-B-cell hybndoma H13 (lane 2). BiP 
is also resolved into the same two bands in a y2b-producmg 
pre-B-cell hybndoma (lane 4). Both of these bands give rise to 
a 78K protein when rerun in reducing conditions (Fig. 4fr). All 
other bands contain onlv ?2b-chain. 

When the cells of the 18-81 cell line are fused with a myeloma 
which does not synthesize any immunoglobulin chain, some 
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Fig. 4 Noncovalent binding of BiP to IgH-chain in pre-B cells 
and m hybndomas, but only when H-chain is not associated with 
L -chain, a. Cell labelling and immunoprecipitation as in Fie 1 
Immunoglobulin precipitates were analysed in non-reducing condi- 
tions no /□ SDS-polyacrylamidegels: HI 1 , synthesizing M , K (lane 
H13 ' synthesizing M -chain (lane 2). 18-81 A33, synthesizing 
M-chain (lane 3), H32-2, synthesizing ?2b-chain (lane 4) H3"> 
synthesizing y2b-« (lane 5), H33-11-2, synthesizing ^ r 2b and 
k (lane 6. precipitation of fx not included), b, A y2b-BiP complex 
was first analysed in non-reducing conditions as described in a 
Lane 4 of a was cut out from the dried gel, layered on top of a 
10 /o SDS-poIyacrylamide gel and rerun in reducing conditions 
The y2b H-chain is found to smear throughout the lane of the 
nonreducing gel. c, Analysis of consecutively precipitated 
immunoglobulin from H32-1 , synthesizing y 2b-*, in non-reducing 
conditions. Immunoprecipitation was performed with ami-* anti- 
serum coupled to Sepharose 4B (lane 1), the remaining immuno- 
globulin was precipitated by the addition of 5. aureus (lane ?) 



hybndomas can be recovered that produce K-chain. In these 
hybndomas there is almost no BiP bound to H-chain (Fig. 4a, 
lane 1, shows a hybridoma producing /xx, and lane 5 shows a 
hybndoma synthesizing y2b-*), although the H-chain is iden- 
tical to the /x- or y2b-chain 4 associated with BiP in the absence 
of K-chain. Two-dimensional gel analysis of total cellular pro- 
teins revealed that BiP is still present in these ^-producing cells 
(data not shown). In hybndoma H33-11-2, not all of the IgH 
chains are associated with L-chains, and BiP is still synthesized 
and is co-precipitated in this x-producing ceil (Fig. 4, lane 6). 
Precipitation with anti-K antiserum coupled to Sepharose 4B 
shows the occurrence of mixed molecules (H + H + L + BiP) ( Fig. 
4c, lane I). Subsequent precipitation with 5. aureus alone 
recovered H-chain dimers associated with BiP (Fig. 4c, lane 2). 
These findings can be explained in one of the following ways: 
(1) The binding of BiP might be prevented through steric 
hindrance by K-chain; (2) a configuration chanee of the'H-chain 
might occur when it is covalently bound to L-chain so that the 
binding site for BiP is altered: (3) BiP and L-chain might 
compete lor the same binding site. Whatever the explanation. 
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Vaccination against the tsetse-borne trypanosomiases has 
proved impossible because of the trypanosome's ability to gen- 
erate a seemingly inexhaustible number of variable antigen 
types in the blood or tissues of the host 1 . Each variable antigen 
is a glycoprotein which forms a surface coat on the trypanosome 
and each glycoprotein is the product of a single gene 2 ' 3 . The 
full repertoire of such antigens has not been identified for any 
trypanosome serodeme (genotype) as yet, but the number of 
genes coding for variable antigen glycoproteins is estimated to 
be between 100 and 1,000 4 ' 5 . We have previously postulated 
that for Trypanosoma brucei the antigen repertoire of the infec- 
tive metacyclic stage trypanosomes inoculated by the tsetse fly 
may be considerably smaller than that expressed in the mam- 
malian host^ 8 . If this is so then protection against infection by 
the vector becomes an easier proposition, but the actual scale 
of the metacyclic repertoire is also unknown. We present here 
evidence that the metacyclic repertoire of a stock of T. con- 
golense, the most important of the pathogenic cattle trypano- 
somes, is limited to 12 variable antigen types. 

T. congolense infected tsetse flies produce very few metacvclic 
trypanosomes and this inhibits examination of metacyclic vari- 
able antigen type (M-VAT) heterogeneity using fly-derived 
metacyclics. Recently, however, a culture system for generating 
T. congolense metacyclics in vitro has been developed 9 . Cultures 
are initiated with trypanosomes isolated from either the probos- 
cis or proventriculus of infected Glossina morsitans and 2 x 10 h 
metacyclics can be harvested daily from the supernatant of a 
mature culture; metacyclics are separated from their uncoated 
epimastigote predecessors by ion exchange chromatography 10 . 
We have utilized such metacyclics obtained from an uncloned 
West African stock, TREU 1290, to produce monoclonal anti- 
bodies against M-VATs. BALB/c mice were infected using 10 h 
live culture metacyclics (UM1 population. Fig. 1). The mice 
were drug treated on day 5 with 10 mg per kg Berenil and 
injected again intravenously with 10* metacyclics on day 14. 
Spleen cells were removed 3 days later and fused with the 
myeloma ceil line P3-X63-Ag8-653 1 1 :: . 

Twenty-five monoclonal antibodies f mAbs) were isolated and 
these labelled various subpopulations i VATs), of TREU 1290 
metacyclics tUMl) using the indirect immunofluorescence tech- 
nique on acetone-fixed trypanosomes. Twenty of these mAbs 
labelled exposed epitopes on live metacyclics. The percentage 
of the population labelled by individual mAbs varied from dav 
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Immunoglobulin heavy chain toxicity in plasma cells is neutralized 
by fusion to pre-B cells 

(immunoglobulin chain loss /isoelectric focusing of heavy chain) 

In grid G. Haas" and Matthias R. vvab^" 
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ABSTRACT A plasma cell hybridoma frequently loses its 
immunoglobulin heavy (W) r.hain spontaneously but rarely is 
production of its light (L) chain lost. Upon fusion to a pre-B- 
ccil hybridoma that produces no lg chain, the L chain is fre- 
quently lost. In cells without the L chain the H chain, which is 
derived from the plasma cell, is not chemically modified. Our 
results indicate thai, in pre-B cells, but not in plasma cells, 
there must be a mechanism that neutralizes the toxic effect of 
free H chain. 



Myelomas and hybridomas derived from plasma cells sc- 
arce immunoglobulin consisting of heavy (H) and light (L) 
chains. From such ceil lines, subclones that have lost H 
chain expression can be recovered, but they still secrete the 
L chair. (1, 2). The L chain can then be lost at the same 
frequency as the H chain. On the other hand, it seems to be 
very difficult to recover ceils that hav S lost L chain expres- 
sion bu: that still synthesize the H chain (1-3) except when 
the cells arc mutagenized (4) or express a mutant ri chain (5- 
7) These observations have led to the view that the free K 
chain is toxic to the cells (2, 3). However, cells of an earlier 
differentiation stage, pre-B cells, synthesize intracellular H 
chain in the absence of the L chain (3). To explain this differ- 
ence several possibilities have been proposed: it) the rate ot 
H chain synthesis in pre-B cells is too low to damage the cell 
(9)- ((7) the prc-B cell synthesizes a different H chain that is 
not toxic to the cell (2); or [Hi] in pre-3 cells, there is a spe- 
cial protein that neutralizes the toxic effect or the free H 
chain CO, 11). . 

Here we report that hybridomas derived !rom pre-B cclis 
ar- not different from plasma ceil hybridomas with respect 
to their rate of H chain synthesis and steudy-state level ot H 
chain. However, they do not synthes.ze the L chain. ;n con- 
sequence we wanted to answer the question whether there 
are prc-3-cell hybridomas that can synthesize a free H 
chain, whicn has been shown to be toxic m plasma ceil ny- 
bridomas. 

MATERIALS AND METHODS 
Cell Lines. S?2 and GK1- 1 were esiabhshed and provided 
bv G Kohler (Basel). The cell lines are derived :;om .usior.s 
between sp.een cells and a myeloma. X63 Ag8. and syrjthe- 
si- [gG2b 3p2.0 is an aza 3 ^aninc-resis:ant suoctone oi^p. 
and has lost I 5 expression. Ceil lines r.j--^nj -o 

and H6 are derived from fusions between yZo-synthe^i* 
subclones of me Abeiso.i virus-transformed cre-B-eeh line 
13-31 and X6- AeS6i3 '12). Clone H62 is a suocionc or r> 
and svn(nes*» no Ig .num. NORA hybridomas -ere made 
ov f Ua «on of Sol HL A*:< and H62. SPSP hyor :oomas are 
derived from a fusion between Sp2.u and *p.. L.etl .usiun 

-he 3U oiicr. l0 n coses jf this ancic -.ver: acirayL-.j >» P'^ ay ^ ,rur- 
W vr::c:« 7:m ..':>c:c rus: -nere-nrt r,er = = * ^,r<- "aavtrurmrif 
,n Romanes w;tn ;S 'J.S.Z. io.c.y :o .nai<::ue :n.s !;.,■:. 



was carried out as described (12!. The genealogy of the vari- 
ous hybridomas is given in Fig. 1. 

Isolation of Subclones >rith Ig Chain Loss. Soft agar cloning 
and antiserum overlay was carried uui according to the 
method of Coffino and Scharff (1). When an antiserum 
against JgG2b (yZS.Kj was used, about \% of the cells formed 
colonies without precipitation. These clones were isolated, 
and their lg expression was analyzed! by immunofluores- 
cence. Clones of interest were grown ,n mass culture and 
further analyzed by immuncprecipitation and electrophore- 
sis. 

iNaDodSOa/PoIyacrylamidc Electrophoresis. Cell labeling, 
immunoprecipitation, and NaDodSO^polyacrylamide gel 
electrophoresis were earned out as described (IZJ.^PuIse la- 
beling (30 mm) was carried out by the addition of [ 35 Sjmeth- 
ionine to ceils that had been incubated in methionine-frec 
select medium/10% diaiyzed fetal calf'serurn for 1 hr. \ he 
amount of [ Ji S]methionine incorporated into the precipitated 
proteins was measured after gel fractionation by scintillation 
assay of the solubilized gei slices. 

Isoelectric Focusing. [ ji S ]Me:hionine-labclcd Ig precipi- 
tates were dissolved in 9.5 M urea/2% Nonidii P-40/2% 
Ampholinc (pH 5-ll)/5% 2-mercaptoethanol and applied to 
isoelectrofucusing slab gets. The gel composition was ac- 
cording to O'Farrell (13). Electrophoresis was carried out for 
1 hr at 250 V, for 12 hr at 400 V, and finally for 1 hr at 800 V. 
The proteins were visualized by fluorography. 

Immunofluorescence. The purification and fluorochrome 
conjugation of goat antibodies specific for mouse H chain 
isotypes and the methods for immunofluorescence detection 
of intracellular lg ha^e been described (14). 

RESULTS 

The Rate of tg H Chain Synthesis and the Steady-State Level 
of the Li Chain in Plasma Cell- and in Pre-B Ceil-Dcrived Hy- 
bridomas Are of the Sam* Order of Magnitude. The pre-B ceil 
is characterized by tne synthesis of intracellular H chain in 
the absence of the L :hain. The free H chain is toxic in plas- 
ma cclis, but pre-B cells may survive because they synthe- 
size the H chain in small amounts [IS\ 15) that would not 
damage the ceil. To test this hypothesis, we increased the 
amount of free H chain present m pre-B ceils by fusion :c a 
mvcioma. The stcadv-siatc ieve! :f R.NA specific :or the I- 
cnain :s the same in :rc-S-eell hvbncomas and in p:asma =e:l 
hvbndorr.as (16). . , , 

'Bv measuring the shcrxcrm Incorporation ot -adioiaceie. 
mctnion.ne into the H cnain (rig. 2;. we have compared tne 
rate ot" ig H chain .vnihesis in pr-S-ceii-ceriv-- hyend- 
omas with thai ot* plasma ce;i-der:vec ny'jridomas. Tne 
amount of radioactivity incorporated into tne various _H 
chains *as w f tne ;ame order of magnitude. Aisc. tr.e steady- 
state levei of the H cram, as :c:e:m;ned by ;0 r.g-f:r*r. ianei- 
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Fic. I. Genealogy of sslec:cd hybridotnc j derived from a prc-B ceil, or from 3 plasma cell, or from both. ' 
given below the clone designation. 
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ing (Fig. 3) and by immunofluorescence intensity (data not 
shown)", was not different. This does not formally exclude 
that pre-B cells survive the expression of free H chain be- 
cause of a low rate of synthesis, but there would still remain 
the question of why the H chain is not toxic for pre-B-cell- 
derived hybridomas as it is for plasma cell-derived hybrid- 
omas. 

A Given H Chain Is Toxic in Plasma Cells hut Nat in Pre-B 
Cells. Because pre-B-eell-denved hybridomas can survive 
high levels of the H chain, we wanted to know whether they 
are abie to survive the expression of a H chain, the toxicity 
of which has been demonstrated in plasma cells. For that 
purpose, we fused a plasma cell hybridoma to a pre-B-cei! 



hybridoma that had lost its own H chain expression. 

The Sp2 cell line is derived from fusion of a plasma cell 
with a myeloma (Fig. 1). It synthesizes both H and L chain 
and exhibits the H chain toxicity phenomenon (2). We con- 
firmed this by recovering Ig chain-loss variants according to 
the method of Coffino and Scharff (1>. Of 74 .subclones, 69 
expressed no H chain, one expressed no L chain (that is, 
expressed H chain only), and 4 did no" express any Ig chain 
at all (Table 1). We :hcn fused the Sp2 cell line to a pre-B- 
ccll-derived hybridoma, H62, that had 'Jest the expression of 
its own Ig chain (Fig. I). The resulting hybrid cell line NORA 
4 secreted H and L chain from the Sp2 parent line (Figs. 3 
and 4). The NORA ceil line tolerates she H chain in the ab- 
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-ic 3 NsDodSO./polvacrylamide &ei electrophoresis analysis 
of thc'igs of vinous hybridomas synthesizing bolh H ami Lciuir. or 
synthesizing the H chain oniy. Spl (lanes a) iac NORAMlan« z) 
secrete both H and L chain; SPSP 1.55 (lanes =0. NORA 4.< Jane <Jf. 
NORA 4 ^ [lane e). NORA i.B.20 (lane f J. and :hc pre-9-csli hy. 
brieoma H 61 Cane g) synthesize the H chain without the L chain but 
do not secrete it. 

stnee or the L chain. Ten out of 55 subclones of NORA 4 
with Ig chain loss synthesized [g H chain without the L 
chain, 42 svmhesued the !. chain only, and 3 did noisyntae- 
size anv Ig chain at ail (Table 1). A subclone of NORA 4. 
NORA4 8 thai synthesizes both H and L chain, showed the 
jarr.e'chain loss distribution (Table 1). In no instance was the 
H 'hain secreted. As a comrol to account for the increased 
chromosome numbers of the NORA 4 hybrid as compared 
with Sp2 we fused the Spl ceil line to a r.onproducing_suo- 
clone Sp2.0, generating SPSP hybridomas (Fig. 1). rrom 
these hvbridomas. subclones synthesizing .rec H cham 
should be rare. Indeed, of 125 subclones w.ih lg Cham ,o«. 
we recovered only 1 subclone expressing free H chain (1 able 
11 Of these subclones. 122 had lost the K chain andwo had 
lost both Ig chains. Comparison of the H chain ot hybrid- 
omas svnthesizing both H and L chain cr the ri cha.n alone 
revealed no difference in size (Fig. 3) nor in isoelectric ,o- 
casing behavior (Fig. 4). Since in this case (he H chain is 
one that is known to be toxic, we conclude that ,n pre-B ce Us 
there is a mechanism neutralizing the toxic effect of tre- ri 
chains. 

DISCUSSION 
Wh fr ,., i g k chains toxic in plasma cells but not in prc- 
B cells'" From the plasmacytoma MOPC 21. a variant couid 
be recovered that synthesizes only the H chain. Tne mutan 
H chain of this variant lacks the last 6/ carbo.y -termmal 
amino acids and forms polymers of at least 20 h chains (9) 
This polymerization is probably due to .ree sulthvdr,! (i>h) 

Tabl e 1. Ig chmn loss pattern :n various hvbridomas 

No. of subclones 
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S P 2 


57 


So2.63 
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69 


NORA * 




NCRA 4.3 




Totai 




3PS? 1 


59 


3 ?s? : 





L chain iosi 

0 



L chain ioul 



1 




r:c 4. Isoelectric focusing analysis of intracellular Ig of various 
hybridomas wmhesi:ing both H and L chair, or synthesizing H 
chain crdv. Lane:: a. pre-B-ccll hybr;tloma H 51 {-ylbj; b. Sc2 
(>2b.x): z. SPS? 1.55 (ylh): d. NORA 4 'y2b:.*): e. NCRA 4.2 ( 7 2b); 
r, NORA 4. it (v2b): g. NORA 4.3.20 r'2b). The y2b chain cf H 61 
has a variable region different from :hc one of the Sp2 ceils and their 
hybridomas. 

groups on the H chain that would normally form the L*H 
bridge. The normal K chain probably couid also polymerize 
in the absence of L chains but would form much larger insol- 
uble complexes that would damage [he cell. Polymerization 
of L chains cannot occur because no additional free SK 
groups are available once the L chain has formed a (timer, it 
is Of interest that H chains are predominantly found as 
monomers or dimcrs in pre-B cells (UJ, as well as in the H 
chain-synthesizing subclones of the NORA A hybrid Line 
(data not shown). Thus, neutralization of the toxic effect of 
the free H chain may be achieved by the prevention cf H 
chain polymerization— far example, by an enzyme that al- 
ters the reactive SK groups of the Ig H chain. Since we did 
net find any difference in the isoelectric focusing pattern of 
the intracellular H chains of Sp2. NORA and of those sub- 
clones synthesizing no L chain (F»g. 4). one can postulate a 
protein thai either rapidly degrades accumulating free H 
chain or protects the reactive SH groups without chemical 
modification. Wc have already described a protein [heavy 
chain-binding protein. BiP) that bines to Ig K chains not as- 
sociated with the L chain (11). In all NORA subclones that 
have lost the L chain (some of them are.snown m Fig. 3). the 
K chain is associated with the BiP. if the BiP is neutralizing 
H chain toxicity it should be less active sn plasma cells than 

in pre-B cells. . „ T r t . 

Whatever the mechanism for neutralization oi r- c.iain 
toxicity, our results demanC an explanation of why H cnam 
synthesis precedes L cnain synthesis in B-cel! ontogeny (10). 

We mank Drs. J. Johnson (Munich; and C Sternberg (Snsel) for 
discussions. 
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ABSTRACT The rearranged immunoglobulin heavy (/i) and 
light (k) chain genes cloned from the Sp6 hybridoraa cell line pro- 
ducing immunoglobulin M specific for the hapten 2,4,6-trinitro- 
phenyl were inserted into the transfer vector p$V2-neo and in- 
troduced into various plasmacytoma and hybridoma cell lines. The 
transfer of the p and k genes resulted in the production of pen- 
tameric, hapten-specific, functional IgM. 

Work over the last decades has provided extensive information 
on immunoglobulin function and structure (1), Despite this in- 
formation, it has been possible only in gross terms to relate mo- 
lecular function with particular structural features. 

With the advent of genetic engineering and gene transfer 
techniques, questions regarding structure-function relation- 
ships can now be readily addressed— that is, virtually any gene 
segment can be modified precisely in vitro and the novel seg- 
ment can then be exchanged with its normal counterpart. By 
introducing such engineered genes into the appropriate cells, 
the effects of systematic alterations in protein structure on pro- 
tein function can be assessed. 

Because immunoglobulin production is a specialized func- 
tion of cells of the B-lymphocyte lineage, it is expected that the 
conditions for proper Ig gene expression will be provided only 
in appropriate immunocompetent cells. For example, to pro- 
duce normal pentameric IgMM. a cell must transcribe, pro- 
cess, and translate RNAlor the fM and k chains and also provide 
J protein, enzymes for the proper polymerization and glycosyla- 
te of the Ig chains, as well as a suitable secretory apparatus. 
We have previously described a system for transferring a func- 
tional immunoglobulin k light chain gene into IgM-producmg 
hybridoma cells (2). Here we extend this work to show that the 
transfer of the m and k chain genes of a defined specificity into 
various plasmacytoma and hybridoma cell lines results m the 
production of functional pentameric, hapten-specific IgM(x). 

MATERIALS AND METHODS 
Cell Lines. X53Ag8 was originally derived (3) from the plas- 
macytoma MOPC21 and synthesizes IgGlM of unknown spec- 
ificity X63Ag8.653 was derived from X63Ag8 as a subclone that 
synthesizes neither the heavy (yl) nor light (k) chain (4). Sim- 
ilarly Sp2/0Agl4 is an Ig nonproducing subclone oi the bpz 
hvbridoma (5). Sp6 is a hybridoma making IgMM specific for 
the hapten 2,4,6-trinitrophenyI (TNP); originally this ccllhne 
produced the yl and k chains of X63Ag8 as well as the CTNP 
specific) mtnp ™d *tnp chains (6). A subclone of Sp6 not mak- 
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ing the -yl chain was isolated, and the Sp602 and Sp603 cell 
lines were derived from this yl nonproducer. The mutant cell 
line igm-10, derived from Sp602 (7), lacks the gene encoding 
Mtnp (8). 

Gene Transfer. The construction of pSV2-neo plasmid vec- 
tors carrying the genes for pi^p or K-r^r or both is described 
in the text. The vectors were Lransfected into the r k ~m k ~ Esch- 
erichia coli strain K803. To transfer the vector, bacteria bearing 
the appropriate plasmids were converted to protoplasts and fused 
to the indicated cell lines as described (2). The frequency of 
G418-resistant transformants per input cell was approximately 
1Q' A for X63Ag8 and Sp2/0Agl4, 10" 5 for igm-10, and 10" 6 for 
X63AgS.653. 

Analysis of Ig. As described previously (7), Ig was biosyrt- 
thetically labeled, in the presence or absence of tunicamycin, 
immunoprecipitated, and analyzed by NaDodS0 4 /polyacryI- 
amide gel electrophoresis with or without disulfide bond re- 
duction. TNP binding IgM was assayed by TNP-dependent 
hemagglutination and by TNP-dependent enzyme-linked im- 
munoadsorbent assay (ELISA) as described (2 r 7). The hemo- 
lyses of protein A-coupled erythrocytes and TNP-coupled 
erythrocytes were used to assay total IgM- and TNP-specific 
complement activating IgM, respectively (7). 

Analysis of RNA and DNA. Cytoplasmic RNA was isolated 
according to Schibler et al (9) and subjected to RNA blot anal- 
ysis as described by Thomas (10). 

Procedures for DNA extraction (11), nitrocellulose blotting 
(12), and radiolabeling of probes (13) have been described (14, 
15),' Probes specific for genes encoding immunoglobulin con- 
stant and variable regions are detailed in the figure legends. 

RESULTS 

Description of Vectors and Expression Systems. The hy- 
bridoma cell line Sp6 secretes IgM(*0 specific for the hapten 
TNP We have previously described the cloning of the TNP- 
specific k gene, designated Txl (16), and the construction of 
the recombinant, pR-TicI. where TkI is inserted in the BamHI 
site of the vector pSV2-neo (2, 17). The Mtnp gene was cloned 
in ACh4A from EcoRI partially digested DNA of Sp6 cells and 
this clone is designated Spc-718. The 16-kilobase-pair (kbp) 
fragment carrying the variable and constant regions was ob- 
tained from SpG-718 after partial digestion with EcoRI and was 
inserted at the EcoRI site of the vectors pSV2-neo and pR-UL 
In these recombinants, designated pR-Sp6 and pR-HLrw re- 
Abbreviations: TNP, 2,4,6-trinitrophenyl; ELISA. enzyme-linked im- 
munosorbent assay; kbp. kilobase pair(s;: SY40, simian virus 40; kb. 
kilobase{s}. 
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spectively, the a^tnp g ene h es m the same orientation as the 
*tnp g ene m pR-T/cl — i.e., the direction of transcription of /itnp 
is opposite that of the simian virus 40 (SV40) early promoter 
(Fig. 1). 

The mutant cell lines igk-14 and igm-10 that lack the k^? 
gene and /x-tnp gene, respectively, were originally isolated from 
subclones of Sp6 (7). We have previously used igk-14 as a re- 
cipient cell line to assay expression of the k^? gene (2). 
Expression of the /i^p gene of pR-Sp6 was assayed here in 
igm-10. The simultaneous production of both p-m? and Kj^ P 
chains from the vector pR-HLrN? is assayed in X63Ag8, the IgCl- 
producing plasmacytoma parent of the Sp6 hybridoma. In later 
experiments the pR-HL-nxp vector was assayed in the non- 
producing cell lines Sp2/0Agl4 and X63Ag8.653. IgM pro- 
duction by the transformants is compared with Sp603, a sub- 
clone of the Sp6 hybridoma, 

Selection of IgM(K)-Positive Transformants- The recombi- 
nant plasmid vectors bearing the Ig genes also contain the bac- 
teria] gene neo, which renders the recipient cells resistant to 
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FlG 1 Structure of the pR^SpS and pR-HLrw plasmida. pR-Sp6 
conUini the functionally rearranged mtmp gene kbp) which waa 
inserted into the £coRI aite of pSV2-neo (see text). In addition to the 
u™ P gene, pRHLfNF contains the functionally rearranged « TOP gene 
(9.6 kbp) at the BamHl siU (2). Ig genee art represented by heavy dark 
lines. The direction* of tnuiflcription of the Ig genes and the SV40 early 
region arts indicated by arrows. The p and k exona are shown as filled 
boxes. M denotes alternative CCKDH- terminal coding regions that are 
utilized » the syntheeis of membrane IgM ™» ™ of P?*** 2 
origin. The white boiea denote DNA derived from SV« into which the 
bacterial gene conferring neomycin res is Una (hashed box) haa been 
inserted. For specific details concerning the pSV2-neo transfer vector 
(donated by P. Berg), see ret 17. 



the antibiotic G418 (17). To transfer the Ig genes into the hy- 
bridoma and plasmacytoma cells, bacteria harboring the re- 
combinant plasmids were converted to protoplasts and fused 
with the various cell lines and C418-resistant cells were se- 
lected. Depending on the cell line, the efficiency of G41&-re- 
sistant colonies ranged between I0~ H and 10"° per input hy- 
bridoma or plasmacytoma cell (see Materials' and Methods). The 
culture supernatant of G418-resistant colonies was tested for 
TNP-specific IgM by using either a TNP-specific ELISA or by 
assaying agglutination of TNP-coupled erythrocytes. In various 
experiments between 15% and 75% of the colonies were pos- 
itive in such tests. 

Analysis of /i TNP and k tnp Production. Colonies that were 
positive for TNP-specific IgM were cloned %y limiting dilution 
and examined further. The transformant IR44L1, derived from 
the K TNr -positive cell line igm-10 and the /i-pNP vector pR-Sp6, 
makes about 25% of the normal (Sp603) amount of IgM, as 
measured by the TNP-dependent ELISA. The transformant 
XR19L4, derived from the cell line X63AgB and the /i^p + 
ktnp vector pR-HL-TNpj makes about 10% of the normal amount 
of'lgM, 

To examine the /xtnp and ktnp separately, these chains were 
radiolabeled and analyzed by NaDodSO^/polyacrylamide gel 
electrophoresis (Fig. 2). The Sp603 hybridoma) cell line still makes 
the k chain of its plasmacytoma parent, X63Ag8 (Fig. 2, lane 
a), as well as the specific fi THP and k wp chains (Fig. 2, lane 
e). The XR19L4 transformant derived from X63Ag8 has two ad- 
ditional bands (Fig. 2, lane b), which comitate with the /i^p 
and kthp of Sp603. The igm-10 cells used here make Kjnp but 
have ceased to produce the k of X63Ag8 (Fjg. 2, lane c), pre- 
sumably because of a rearrangement in this Jc gene (see legend 
to Fig. 5). The IR44L1 transformant derived from igm-10 has 
one new band that comigrates with (Fig. 2, lane d). As 
shown in Fig. 3, analysis of unreduced IgM by NaDodS&t/ 
polyacrylamide gel electrophoresis indicates that the trans- 
formants make predominantly pentameric IgM [(/iWsl- 

RNA Production. To examine the RN As expressed by the 
transferred mtnp and x TNP genes, cytoplasmic RNA from the 
transformants was fractionated by gel electropnoresis and probed 




FlG. 2. Analysis of heavy and light chair* ofl ^^-j^ 
resistant traiuforrn ant clones were biosyntheticalfy radiolabeled w 
[ l *C]leucine as described (7). Secreted immunogldbuUns ^"Jf"^ 
noprecipitated with rabbit anti-mouse IgM antibody «mpl«J* * 
protein A-Sepharose CUB beads (Pharmacia). The P r *'P' Ut r"L 
terial waj reduced with 2-mercaptoethanol and analyzed ^ eJe ^ fa 
phoresis on a NaDodS0 4 /polyacrylamide gel. Lane, a. X63AgB; w • 
XR19L4; lane c, igm-10; lane d, IR44L1; and lane e, wild-typ* W v 
doma Sp603. 
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FlC 3 Analysis of secreted (unreduced) Ig. The radiolabeled cul- 
ture supernatant* as described in the legend to Fig. 2 were analyzed by 
electrophoresis on a NaDodSO,/polyacrylamide gel without reducing 
the disulfide bonds (7). Lane a, X63Ag8; lane b, XR19L4, lane , ipn- 
10- lane d, IR44L1; and lane e, wild-type hybndonu ' Sp^/The mark- 
ers indicate the major forms of Sp603 lgM and X63Ag8 IgGl. 

with various and ^-specific DNA sequences (Fig. 4) RNA 
for the u heavy chain was detected with a probe from the C„4 
The transformants XR19L4 and IR44L1 We bands at 
both 2 7 and 2.4 kilobases (kb), whereas the parental hybndoma 
Sp603 ha. only one band at 2.4 kb (Fig. 4A)_ A ^JP»1* 
containiog the y. membrane-specific exon bybndired only to 
Z 2-7-kb band (data not shown). RNAs of 2.7 and 2.4 kb have 
been found to encode the membrane (pj and secreted W forms 
3 the M chain, respectively (19-81). These results sugges ha . 
whereas Sp603 makes RNA only for the * form, the t ans- 
tats make RNAs for both ^ and * However, w have 
bS unable to detect membrane IgM by staining with flu- 
„e"Vspecific antibodies. The ^ form has a longer poly- 
peptide chain than does the ^ form and consequently am be 
distinguished from /x, by its lower mobility .n NaDodSO</ 
oTacrylamide gel electrophoresis. Therefore, we examined 
Srace EV chains that were bicsynthetically rad.olabeled ,n 
he S ce of tunioamycm; for each transforrnant we found 
n v one M band, and this band emigrated with the £ band o 
Stf S not shown). These observations suggest that either 
Kb RNA is not translated or that the protein » very 
short-lived in the transformants. 

In a similar manner, the RNA blots were hybnd.zec I with 
i j j r, n m th P k^o V region. Compared to Sp503 and 
probe derived From the *™ YgU was fou ; d t0 ma ke a low 
ipm-10 the transformant XKiaLA was louii 
Sunt of a 1.2-kb RNA that comigrated with authent.c K raP 

RN S A trueiure 4 !f Transferred DNA. To analyse the organization 
of transferred P R-Sp6 and pF-HL TNr pl*m>ds '" the trans- 
onned « 1 1 nes, B^mHl-digested cell DNA was hybridized 
S3 probe, ecific for the r tnd Kjcb«n constant region gene 
^ tL C 1-2 nrobe used here spans the BamHI re- 
- segments. The C 1-2 probe f ^ 

striction site in the L„l exon trig, i.,- . 
of two fragments is expected to be detected with this probe. 




B 



kb' 




fto. 4. Detection of mthp and *™ ? ten ^ A u »** '"fSft^. 
RNA from transformed cell lines. Luus a, X6jAg8. Una h, XR19U, 
lanes c iem-10; lanes d, IR44L1; and lanes e, Sp603. Ten ™«r°gTama 
of "*1 SSplumie RNA (91 was denatured glyoxal, electxophc- 
rt*L 1 throueh a horizontal 1% agarose gel in lOSnM sodium ph"ph>t» 
bXX 6 9 and transferred to mtnedhdoseta described by Thomas 
(Iffi CAme blot was hybridized with a "P-labeled probe correspond- . 

g U hfc 4 exon. This probe was f^ZXttS S 
nH76«J7 (donated by J. Adams) after digestion with Pst l (IB). (fl) A 

ST^^S ^ and ,0 kb, respectively). 

Two fragments of 6 0 and 16 kbp were detected in the DNA 
of both of the transformants. These <f «P°"* » *^ frag- 
ments generated by BamHi digestion of the intact p£ p6 ^d 
n u WT nl«mids (Fie 5). In addition, One (Xiuyw/ or wo 
$r£u) extra FrTgmenfs could be detected in the DNA from 
fhese ce 11 I Ls. In parallel experiments, Sequences tndicat ve 
of uninty ted pR-Txl plasmids have not been detected * . he 
w modular weight fraction of the Hirt supernatant* grf 
similarly transformed igk-14 cells (resul ts no ^Jf^ 
together, these results suggest that the transferred genes are 
tandemly integrated into the chromosomal DNA or the .e-ip 
ient cells. 
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Table 1 ; A3say of functional IgM 



Hemolysis titer 
on erythrocytes 
coupled with 



TNP/protein 



Fir 5 Detection of pR-Sp6 and pR-HL™ sequences in DNA from 

I nitrocellulose. (A) A previously hybridized J^^"™ 
accordine to Thomas (10) and rehybndiied to i F-labeiea prooe con 

digestion of pR-Sp6 and pK-HLrNP are inuiu* , ,m v rear . 

rion «n> seement that was isolated from the plasirud pL21- 5 (donated 



Cell line 


Phenotype 


Protein A 




A ratio 


Sp6Q3 
ipn-10 


IgM, kXTNP) 
+ *(X63) 
k(TNP) 


2* 

<1 
2 3 


<i 


4 


X63Ag8 
XR19L4 




<1 
2 3 


<i 
<1 


<1:8 


Sp2/0Agl4 

SR1.2 

SR40.1 


No Ig 


<1 
2' 
2 


<1 
2* 


2 


X63Ag8.65^ 
X653RU 


No Ig 


<1 
2< 


<1 
2< 


4 



As deGcribedin the text, ineiranaiunum^ i*v. w » M - — 

derived by introducing the Mtkp zene alone or the ^ and ktnp (fenea- 
together into the igm-10 and X63Ag8 cell lines .Similarly, the cell Imes 
SRI 2 SR4Q1 and X653R1.1 were generated by transferring the m™> 
? k tnf TtorpML^ into S P 2/0Agl4 and X6&M53 The indi- 
cated «ll lines were grown to approximately 10« cetls per ml, and cul- 
ture supernatant* were assayed for IgM concentration Oysia titer on 
protein A-couplcd erythrocytes) and TNP-specific Hemolysis activity 
(Wsi, titer on TNP-wupW erythrocytes). Culture luperuUrts were 
Serially 1 :2 b obtain the end-point dilution (t&r) that All caused 
lysis. The ratio of the TOT and the protein A titer it a measure of the 
specific activity of the secreted IgM. 

to other fragments that correspond to the h r chain genes en- 
dogenous to the recipient X63Ag8 cell line (23, 24). 

Lay of IgM Function. We have tested the normal func- 
tionine of the IgM produced by the transformjmts by assaying 
LTcfion in implement-dependent lysis eff TNP.oupled 
erythrocytes (Table 1). The IgM concentration m the culture 
upematants of the indicated cell lines was Measured by the 
hem lysis of protein A-coupled erythrocytes M» 
uti-IeM (7). These results indicate that IgM rhade by IR44L1 
Has norni activity with regard to TNP 
ment activation. However, the transfeimant XR}9L4 makes LgM 
EhS an activity that is less than l/Mth^nom^ 
in the TNP-dependent hemolysis assay. X63A«8 still produces 
tL myeloma /chain, and this * chain can be incorporated into 
fgM K reducing TNP-specific hemolysis actjiry (J. To avo,d 
this problem of the nonspecific myeloma k chkm. the ■ + 
* vector dR-HLtsp was transferred into the nonproducer 
rTlines So2/0a714 5) and X63Ag8.653 (4), The IgM pro- 
duce"; fSSii of these cell lines ha* normal actmty 
for TNP-specific hemolysis fTable 1). 

DISCUSSION 

We and others have previously «?«^^ff^^ 

light chain genes in various cell types (2 . ™ ^ 

we have described the construction of P]™* 

for TNP-specific immunoglobulin M and k chains. The « « 

S„ of thL genes - studied after the 

mids into various cell lines derived from Ig-secretmg p 

or hybridomas. The transfer of these pi* ^ ' 0 * e « 
^uTusualL (see below) sufficient to cause tfte production M 

nlement-that is, these cell lines (X63Ag8 X§3AgB.0OO, 1 5 

Id S P 2/0A g 14) provide all of the machinery necessary^ 
lgM production except the structural genes for the ^ 
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chains. The capacity to provide this machinery is present de- 
spite the fact that these cell lines have been propagated for years 
without overt selection for this property. 

•We expect that this system will be very useful in determining 
the structural requirements for normal IgM production and 
function. To date, the use of genetics for this purpose has been 
limited to the analysis of naturally occurring mutants that in- 
terfere with normal IgM processing and activity (7, 30). Al- 
though such mutants are useful as a starting point, in vitro mu- 
tagenesis offers a more rapid and systematic method of obtaining 
altered IgM. Thus, it should be possible to identify the amino 
acids that are critical for complement activation or Fc receptor 
binding. Similarly, one can expect to define the features that 
are necessary for pentamer formation, glycosylation, and se- 
cretion. 

As is the case with other gene transfer systems, we have tound 
that the various transformants produce quite different amounts 
of ix and k chain, ranging from undetectable to approximately 
normal levels. In general, a.linear relationship does not exist 
between the copy number of the transferred sequences and the 
level of Ig gene expression. Studies with transfer vectors pre- 
sumed to be replication incompetent indicate that the trans- 
ferred sequences integrate into different sites in the host chro- 
mosomes, independent of the method of transfer (31-33). 
Therefore, the context of the transferred genes is different irom 
normal and different in each recipient. It is not known whether 
it is the different chromosomal locales that are responsible for 
the variation in the expression of the transferred genes or whether 
these results reflect a high frequency of mutation associated 
with the introduction of exogenous DNA into mammalian cells 

(34 Th?transfonnants XR19L4 and IR44L1 produce in addition 
to a 2 4-kb RNA that emigrates with authentic fi, KNA, a Z. t- 
kb RNA that appears to include the » exon As we .have been 
„nable to detect a /i m protein, it is possible that the 2.7-kb KNA 
■ n £n7in some m respect (36-39). In contrast to the heavy 
chain gene results, the transferred * ch*n genes in XR19L4 
and in several transformants derived from .gk-W and the ^ 
vector pR.T,cl (ref. 2; unpublished data) produce a smgle spe- 
cies of RNA that comigrates with authenHc *tnf KNA. 

We expect that the variations in the expression of he in - 
ferred JnVs will not interfere with the usefulness of this sys- 
emt producing altered IgM for functional analysis further. 
more weTticipate that modifications of this protocol vnll allow 
Tnves'tigation of the mechanisms controlling Ig gene expression. 
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ABSTRACT 

Ge~n"es for a murine n heavy chain and a X light chain immunoglobulin 

have been inserted into bacterial expression plasmids containing the 
E scherichia coli trp promoter and ribosome binding site. Induction of 
transcription from the trp promoter results in accumulation of both light 
and heavy chain polypeptides in appropriate host strains. Both proteins 
were found as insoluble products. Following extraction and purification ot 
the immunoglobulin containing fractions, antigen binding activity was 
recovered. The activity demonstrates essentially the same properties as the 
antibody from the hybridoma from which the genes were cloned. 

INTRODUCTION 

Immunoglobulin genes and their products represent one of the most 
extensively studied families of eukaryotic macromolecules . Immunoglobulin 
polypeptides are secreted proteins and are synthesised with an amino-terminal 
signal peptide which is cleaved to yield the mature protein. The expression 
of immunoglobulin genes in E. coli forms the initial stage in the production 
of antibodies produced via recombinant DNA techniques. Such antibodies 
would have many uses. For example, detailed studies on antigen-antibody 
interactions following alterations of the antigen combining site by site 
directed mutagenesis could be carried out, or the Fc regions of the molecules 
could be altered for specific uses such as binding to matrices for 
immunopurification. Thus, it is surprising that with the many studies on 
expression of eukaryotic genes in E. coli (1), little has been done on 
immunoglobulin genes. So far immunoglobulin genes have been expressed in 
modified forms at low levels in E. coli , usually as incomplete amino-terminal 
fusion proteins (2,3,4). In one case, a trpE-IgE fusion has been expressed 
at 10% total E. coli protein (5) . 

Here we describe the bacterial expression of a murine u heavy chain and a 
murine X light chain immunoglobulin cDNA. The Ig H and X genes used in 
these studies are from cDNA clones isolated from the hybridomas Bl-8 and S43 
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(6), respectively. These hybridomas were raised to the hapten 4-hydroxy-3- 
nitrophenyl acetyl (NP) and produce igM antibodies which are termed 
heteroclitic, that is binding a related hapten e.g. 4-hydroxy-5-iodo-3 
nitrophenyl acetyl (NIP) more strongly than NP (7). The u gene was cloned 
from the hybridoma line Bl-3 (8) and the X gene was cloned from the related 
hybridoma S43 (9). However, the sequence of the X from S43 varied by only 
two amino acids from Bl-8 X sequence, assuming that Bl-8 X has germ-line 
sequence (9) . Both changes were conservative and outside of the 
complementarity determining regions. So in effect, the antibody from Bl-8 
can be used to represent the parental monoclonal antibody. 

The two polypeptides were synthesised in E. coli as native proteins 
lacking eukaryotic signal sequences and presumably possessing amino- 
terminal methionine residues. High levels of expression were achieved 
using the E . coli K12 strain E103S or E. coli B but only low levels of 
expression occurred in HB101 (10). Following solubilisation of u and X 
polypeptides expressed in the same cell or different cells, the protein 
products were purified and antigen binding activity recovered. This 
activity demonstrates essentially the same properties as those found for an 
NP binding IgM hybridoma antibody. 

MATERIALS AND METHODS 

Chemicals and Cloning Procedures 

. ... „v^„ q h a c follows: restriction enzymes (Bethesda 

Research Laboratories and New England Biolabs) , T4 DNA polymerase (P-L 
Biochemicals) , DNase I (Sigma) , radioisotopes (Amersham) , rabbit anti-mouse 
IgM (Bionetics), rabbit anti-IgM (Tago) , rabbit anti-X (Miles), MOPC 104E an 
IgM (uX!) myeloma protein (Bionetics), calf intestinal alkaline phosphatase 
and SI nuclease (Boehringer Mannheim) . Unless otherwise stated cloning 

procedures were as described (10). 

Oligodeoxyribonucleotides were synthesised by the phosphotriester 
procedures (11) and were designed to have the sequences; 5'- 
GATCAATGCAGGCTGTTGTG-3 ' (R45) , and 5 ' -ATTCCTGAGTCACAACAGCC-3 ' (R44) . 
Bacterial strains and Plasmids 

Plasmids were transformed into E . coli strain HB101 , DH 1 , E . coli B (10) 
and E. coli K12 strain E103S (Dr. Lee Simon, Waksman Institute of 
Microbiology, Piscataway, New Jersey 08854-0759, personal communication), 
and grown in L-broth containing O.lg carbenicillin per litre. Plasmids 
pABu-11 (8) and P ABX1-15 (9) were a gift from Drs. A. Bothwell and D. 
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Baltimore. Bl-3 proteins were gifts fro. Drs. M. Neuberger and T.Imanishi- 

Kar i . 

Pulse Chase Analysis 

For pulse chase' analysis inductions were set up as described above, 
P xceot that the medium used consisted of: proline (0.3g/L), leucine (O.lg/L), 
Oifco methionine assay medium (5g/L) , glucose (60mg/L) , thiamine (lOmg/L), 
racl (22m q /L), MgS0 4 (0 . 25g/L) m and carbemcillin (O.lg/L). During 
exponential arowth cells were pulse labelled with 30 ,Ci/ml L- [ Si 
■methionine for 2 minutes, after which unlabeled methione (100 ug/ml) was 
added and the incubation continued for the times indicated. 
Other Methods 

7^Tr,s used for bacterial lysis and fractionation were as described 
;12), as were procedures for inductions and protein assays (13). 

Protein Purification 

For further curification of the X light chain, the cell debris were 
dissolved in lOmM Tris-HCl pHB.O, 25% formamide , 7M urea, ImM EDTA and 2mM 
di-hiothreitol. -This material was loaded onto a DEAE Sephacel column 
(Pharmacia) (1 x 25cm at a flow rate of 5ml/hr) which had been equilibrated 
in 9M urea, 10mM Tris-HCl pHS.O, ImM EDTA and 2mM DTT. The DEAE Sephacel 
column was developed using a 0-150mM NaCl gradient in loading buffer. The 
eluted peak of X light chain immunoreactivity , corresponding to the ma D or 
, f w „ ^i„t- P d to a final concentration of 2.25M urea, 10mM 

Tris-HCl pHS.O, ImM EDTA , 2m« DTT and loaded onto an octyl-Sepharose column 

(Pharmacia) (2.5 x 10cm) . Material was eluted by use of a urea gradient of 

2.25-9M urea. The peak material was pooled, dialysed into ammonium 

bicarbonate and lyophilised. 

The u heavy chain was purified from 9M urea solubilised pellets by 

anion exchange chromatography and chromatofocussing (Pharmacia) . 

Reconstitution of Activity 

Production of functional antibodies from E . coli expressing both heavy 
and light chains was achieved by lysing the cells and clarifying the 
suoernatant by centrifugation . The insoluble material was washed, followed 
bY sonication (3 times for 3 minutes), and finally dissolved in 9M urea, 50mM 
glycine-NaOH oHlO.8, ImM EDTA, and 20mM 2-mercaptoethanol . This extract was 
dialysed for 40 hours against 3 changes of 20 vols, of 100mM KCl , 50mM 
alycine-NaOH oHlO.3, 5% glycerol, O.OSrnM EDTA, 0 . 5mM reduced glutathione 
and 0 ImM oxidised glutathione. The dialysate was cleared by centrifugation 
at 30*0000 for 15 minutes and loaded directly onto DEAE Sephacel, followed by 
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development with a 0-0. 5M KC1 linear gradient in ICmM Tris-KCl , C.5mM EDTA, 
pH8.0. 

The purified Ig u and A were treated as above, except that no anion 
exchange chromatography was carried out. The preparation was finally 
dialysed into phosphate buffered saline, 5% glycerol, 0.01% sodium azide and 
0.5mM EDTA pH7.4. 

RESULTS 

Construction of Plasmids for Expre ssion of X Light Chain 

We chose to express the X gene in E . coli by direct expression of the 
gene lacking the eukaryotic signal peptide but containing a methionine 
initiator residue at the amino-terminus (met lambda) . The approach used for 
bacterial synthesis of met-X was to reconstruct the gene in vitro from 
restriction fragments of a cDNA clone and to utilise synthetic DNA fragments 
for insertion into the bacterial plasmid P CT54 (12) (figure 1). As a 
source of light chain we used the plasmid pABXl-15 which contains a full- 
length X, light chain cDNA cloned into the PstI site of P BR322 (9). We 
have previously outlined the construction of plasmids for the expression of X 
light chain (14) . 

A plasmid was isolated (designated pCT54 19-1) and shown to have the 
anticipated sequence except that there was an alteration at the fifth codon 
from GTG to ATG , changing the amino acid at this point from valine to 

r „ ,^„,^ e n valine is an invariant residue at this position in 
mouse X chains.'' Methionine, however, is the residue most frequently found 
in mouse k chains at this position (15). 

As most E. coli mRNAs have 6-11 nucleotides between the Shine-Dalgarno 
(SD) sequence and the AUG (16) the distance in P CT54 19-1 was reduced by 
modification at the Clal site. Altering the distance between the SD 
sequence and the ATG has been demonstrated to alter the expression of a 
number of genes (13,14,17-20) presumably by placing the SD and ATG sequences 
in the optimal configuration for formation of the initiation complex. PCT54- 
19-1 was cut with Clal and incubated with SI nuclease. The amount of Si 
nuclease was adjusted so that some DNA molecules would lose 1-2 extra base 
P airs as a result of 'nibbling' by the enzyme. This DNA on relation with 
T4 DNA ligase and transformation into E . coli strain HB101 gave rise to a 
number of plasmids which had lost the Clal site. The nucleotide sequence 
across the modified region of two of these plasmids was determined (figure 11 
P NP4 and pNP3 were shorter than pCT54 19-1 by 5 and 4 nucleotides 
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(B) 



pCT 54 19-1 &AOSG TAT CGATTGATCAAl£ 
pHP3 AAfiG tiTA TTGATCAAJG. 

. . * /- r- r~ -r T T<~ ATr ( ATH 



Figure 1 . Construction of plasmids for the direct synthesis of X light 

^VlasItd^Xl-lS contains the X gene inserted into the Hindlll sit. . of 
PAT153. (A) 5' Hinfl - Sad fragment 1 was isolated by f^ 1 ^^ 1 
electrophoresis. The 3' fragment 2 of the gene was related as a Sac I 
Hindlll fragment. P CT54 was cut with Bell + Hindlll and the 

fraaments together with oligodeoxyribonucleotides R45 and R44 J^^ed to 
viPld Dlasmid PCT54 19-1. (B) Digestion of P CT54 19-1 with Clal and SI 
nuc lease produced plasmids pNP3 and P NP4 , wxth reduced SD-ATG distances, 

E, EcoRI; H, Hinfl; H3 , Hindlll. 

resoectively, giving SD-ATG distances of 9 and 10 nucleotides. Secondary 
structure analysis, as described (13), revealed no hairpin loop sequestering 
the SD or initiation codon into double-stranded regions. of the mRNA of 
either P CT54 19-1 or the SI derivatives. Such base pairing interactions 
have been shown drastically to reduce translational efficiency of a number of 
genes, notably those for phageX cro (17) , fibroblast and leukocyte 
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FlgU re 2. elation ana action of fro, 

E103S cells containing P NP3 wer grown u ele ctrophoresis , 

^^rco^-S 11 ^(1^1-7) o f s^ea 

p NP 3 after growth to stat onary ph e n L b o th. lane ^ 
E103S containing P NP3 taken at increasing a containing 
6 ana 7, respectively, soluble ana ^^^f 0 frLpectively , 

E103S; lane 8, unf ractionated extract; lanes 9 and iu, 
soluble ana insoluble fractions. 



^ , n H n pn aene (19) and a murine u heavy 
interferons (18), SV40 small-t antigen gene u 

chain (13) . 

Expression of X Protein 

HB101 cells contaTning P NP3 were found to express > light chain as 
detained by inununoprecipitation (14) and Western blot analyses. No such 
protein was evident in extracts fro, P CT54 19-1, cells containing P NP4 
which had a SD-ATG distance one base pair shorter than that of P NP3 
expressed only a very low level of X light chain (14) . 

in the absence of specific iMnunoprecipitation a novel protein band was 
not visible from extracts of HB101 containing P NP3 nor was the X protein 
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found to accumulate (data not shown). However, there was a dramatic 
^^«„.p when oNP3 was induced in the K12 strain E103S. In this strain A 
ororem was found to accumulate during induction until the cells reached 
stationarv ohase (figure 2, lanes 3-5) tea level of about 150 times that 
--ound in HB101 as determined by an EL ISA (enzyme linked immunosorbent assay) . 
rv-ese cells were found to contain inclusion bodies which appeared refractile 
ZL light microscopy, a phenomenon characteristic of high level expression 
of foreian proteins (21) . An estimate of the percentage of total E^oli 
orotem represented by recombinant X protein was obtained by separating the 
oroteins bv gel electrophoresis, staining them with Coomassie blue and 
scanning the stained gel with a Joyoe-Loebl chromoscan 3. This method 
^owed that X was the ma ]0 r protein present (figure 2, lane 5) and 
presented 13% of total E . coli protein. The X protein had a half-life of 
20 minutes in HB101 (data not shown) but accumulated to very high levels in 
E103S, suggesting that the lambda protein was much more stable, in the latter 
strain. After cell lysis and centnf ugation of HB101 or E103S containing 
oNP3, X liaht chain was detected in the insoluble (figure 2, lanes 7 and 10) 
"but not in the soluble fractions (figure 2, lanes 6), as determined by 
Coomassie blue staining. The identity of the major Coomassie blue stained 
band as X protein was confirmed by Western blot analysis (figure 2, lanes 
a- 10) The presence of such immunore active bands was specific to P NP3 
containing ells. When extracts from cells containing P CT70 , a prochymosin 
.xpressina olasmid (12), were subjected to the same analysis, no bands were 
detected (data not shown) . This more sensitive technique showed that a 
small amount of the X protein was in the soluble fraction (figure 2, lane 9) 
The oresence of a number of distinct immunoreactive proteins all smaller 
than full-length X protein were also detected. These may result from 
proteolytic degradation of X protein, from premature termination of 
transcription or from internal initiation of translation. 

Exnression of u Protein 

The construction of plasmids pNPtl and P NP14 for the expression of 
-ull-length mature u protein under the control of the trp promoter has been 
described (13) . E . coll B cells containing the u expression plasmid oNPll 
were grown under inducing conditions and soluble and insoluble extracts 
orepared, and analysed by SDS-PAGE. A novel band was seen after staining 
the gel with Coomassie blue in the lane containing proteins from the 
insoluble fraction (figure 3, lane 2). This band was not seen in the 
native control lane which contained proteins from the same fraction from 
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-! 2 3 4 5 6 7 8 

Figure 3. Expression and distribution of u protein from E . col i B 

E coli B cells containing P NP14 were grown under inducing conditions 
Follc^nTTlectrophoresis, gels were stained with Coomassie blue (lanes 1-3) 
or subjected to analysis by Western blotting ( lanes 4-8 J using 'fbjt anti 
IqM serum. Lane 1, molecular weight markers (94, 67, 43, 30 and 20Kd) 
lanes 2 and 4 , respectively, P NPl4 containing insoluble fraction; lanes 3 and 

lanes ^ ana ^, . j lanp «. fi and 7 . respectively, P NPl4 and 

5, pCT/u containing hduiuuic • - - „„■,•,_ 

P CT70 containin g/ soluble fractions; lane 8, unf ractionated sample from cells 

containing pNPl/. 

cells harbouring P CT70 (figure 3, lane 3) . The novel band was found to. 
migrate to a position corresponding to a protein of a molecular weight 
within less than 5% of the actual molecular weight of non-glycosylated u of 
62 5Kd. A duplicate set of lanes were transferred to nitrocellulose, and 
western blotted. Alignment of the stained gel and the blot autoradiogram 
confirms that this novel band is antigenically related to IgM (figure 3, 
lanes 4 and 8) . No band was found in extracts from cells containing P CT70 
(figure 3, lanes 5 and 7). Only a low amount of u was found in the soluble 
fraction (figure 3, lane 6). 

A greatly increased level of expression of u was found in E . coli B 
compared to HB101. Pulse chase analysis demonstrated that in E . coli B, 
a similar level of u protein was detected after a 60 minute chase (figure 
4, lane 3} as was seen after the initial labelling period (figure 4, lane 
1). in HB101, however, very little u protein could be seen after a 10 
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a pu1,p chase autoradiogram of P NP14 in E . coli B and HB101. 
^^E co li B and HB 1 ol ce lis harbouring P NP14 were grown under inducing 
condxftc^nd ulsed with L- [ ^ S] -methionine for 2 ,1ns af -r whrch 
unlabelled L-methionine was added to 100 ^ ml p ^%^" £ f J "g 
harvested at varying times, and samples analysed by SDS PAGE foil g 
rmmunoprecxpitatxon. E^coli B= lane 1, zero Uj;^ 2, 30 min. ^ lan = 
60 min. Lane 4 is a zero time sample for ^ P CT70 ^HBlOl. 

Zero t JJiit: ; xanc w , ^ 



HB101: lane 5, 



lane 7, 10 min; lane 8, 30 min. 



minute chase (figure 4, lane 7), and none after 30 minutes (figure 4, lane 
8, , compared to the amount detected after the initial labelling period 
(figure 4, lane 5) . Induced E . coli B cells harbouring P NP14 when 
examined by phase contrast microscopy were found to contain inclusion bodies. 

Purification of Recombinant 

The presence of X light chain in the insoluble fraction was a useful 
purification step since it both concentrated the protein and separated it 
from the bulk of E JL _coli soluble proteins. 

For further ourification the E^oli insoluble material was solubilised 
in a Tris-HCl buffer containing 25% formamide and 7M urea and loaded onto a 
DEAE Sephacel column which had been preequilibrated in the same buffer with 
9M urea, but without formamide. The bound material was elated using a 

~ • t-v^ M-oa hnfer The X protein was the major 
0-150mM NaCl gradient in the area buffer, me p 

eluted oeak as determined by gel electrophoresis and ELISA . The , protein 
was diluted to a final concentration of 2.25 urea and loaded onto an octyl- 
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- „,„ ro iP hound and was e luted by using 
Sesharose column. The .• protein oc.na a.. 

.^a gradient. Following this step, only a Single band of Coomassie a .ue 
s.amable material corresponding to recombinant > protein was visualised ny 

SDS-PAGE (data not shown) . 

^ Drivnp-otides in the sam e cell 
^xoressio n of U ana a ?ol /r>epn^- . 

^^^TT^T^^xpression plasmids were transformed 
iR , 0 the same E^coli cell to direct the synthesis of both Ig u and X 
polypeptides, in order to overcome plasmid incompatibility and provide a 
second antibiotic resistance marker, the tg> promoter and X se q uences were 
excised from oNP3 on a Hindlll-Bam HI fragment and inserted into the 
HindXXX-Bam HX fragment of pACYCl84 (10, to create pACYCX . HB101 cells 
containing this plasmid were found to grow very poorly. This weak growth 
w . s -nught to result from read through of RNA polymerase into the origin of 
rlolication. and inhibition of growth was virtually eliminated, by inserting 
the bacteriophage T7 early transcriptional terminator (22, at the HindXXX 
site o, pACYCX. The resultant plasmid pACX T7-1 has a chloramphenicol 
distance gene and an origin compatible with the P BR322-derived origin 
or pNP 1 4 , the Xg , expressing plasmid. Transformation of both plasmids 
into the same E^coli B cell was achieved in two steps, firstly P NP14 was 

„nr\ T7-1 in two separate transformations to give 
introduced, and then pACX T/ l, m f 

amuicillin and chloramphenicol resistant clones. 

" E coli B cells derived from double -trans formant clones showed the 

— TT,^,^™ Hndies and two novel polypeptide bands on' stained gels 
presence ui xn^. 

J a ^or lvqis These two bands correlated both 

of the insoluble fraction after Ivsns. 

with immunological activity by Western blotting for Xg , and X and their 
exoected molecular weights of 63,500 and 25,000 daltons respectively (data 
no't shown, Stability of the plasmids was also investigated and it was 
,ound that after 36 hours in shake flasks only 5% of the E^oli contained 
both antibiotic resistance markers, although 35 % were carbemcillm 
distance and 74 % were chloramphenicol resistant. This illustrates the 
selective pressure against both plasmids together. 
^constitution of Antigen Binding 

It was of great interest to determine whether the concomitant 
egression of u and X would lead to the formation of functional XgM. Xn 
o^der to determine this extracts were made from ^coli containing both 
la U and X polypeptides and these tested for antigen binding. We used a 
two-site sandwich ELISA which detects u chain binding to haptenalated 
bovine serum albumin (NXP-caoroate-BSA) . This assay demonstrates 
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Fiq ure 5. Purification of -con t.tut d ant bod.es ^ b 

■ Fractions from DEAE Sepnacex aniun e„,e n - Bl _ 8 M 

expressed Ig u and X. Analysis shows ^ISA' s, total 

equivalents; NIP-cap-BSA and BSA binding ^jties from 
protein determined by A280nm readings (1.5 A280 -mg/mlJ 

sensitivitv to 60 P g of Bl-3 IgM. The extracts were prepared/as soluble 

and insoluble material. The insoluble material was solubilized in the 

same buffer used in lysis but containing 8M urea followed by its dilution 

for assay. However, no antigen binding activity was detected. 

In order to obtain activity for the Ig u and X , extracts were made of 

the insoluble fraction and these dialysed into buffer conditions in which 

.. „m occur at a higher frequency. The results ,rom 

aisuipnidt; iih,cl^iiui.^- 

assay's of material processed in this way indicated that some activity was 
obtained. The level of activity obtained in this way was too low to do 
anY detailed studies on, so the resultant dialysate was purified by anion 
exchange chromatography (figure S) . This process resulted in the isolation 
of significant NIP-cap-BSA binding activity over that of background binding 
to BSA (figure 5) . The assay of the fractions for the level of Ig u. 
expressed as Bl-3 IgM equivalents demonstrated two peaks of activity. This 
was not found to correlate with full length Ig u by Western blotting (data 
not shown) . The first pea, observed may represent a fragment of Ig 
The separation of NIP-cap-BSA binding activity from the majority of full 
length Ig u and protein indicates that the hapten binding activity is 
contained within a particular molecular species formed at low efficiency 

The orocessing of insoluble material obtained from Ig . expression 
E coli oroduced a similar IgM protein profile but without NIP-cap-BSA 

activity. This demonstrates that the activity recovered was a 
property of the combined immunoglobulin expression, not of some E,_co_^ 
factor, or of the Ig u heavy chain alone. 
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Figure 6 Specific hapten binding of reconstituted antibodies. 

NIP-cap-BSA binding activity from fraction 26 (A), purified Ig u and X 
(□) and Bl-8 (O). Binding in the presence of the 30uM NIP-cap. (A,B,« 
respectively) . 

Further studies of the characteristics of the hapten (NIP-cap-BSA) 
binding were carried out. The reduction of hapten binding activity on 
dilution of renatured u and X expressed and purified together -was less than 
that found for either Bl-8 IgM or purified u and A expressed separately 
(figure 6). The dilution curves for Bl-8 antibody and separately expressed 
U and X were virtually identical. Free hapten was found to inhibit most of 
the binding activity in both undiluted and diluted samples. Using Bl-8 
antibody as a standard for both IgM and hapten binding, the specific 
activity of the assembled antibody was calculated to be 1.4 x 10 gm/gm of 
IgM equivalents. This value demonstrates the inefficient recovery of 
activity, but possibly represents an underestimate of the specific activity 
due to an overestimate of full-length Ig u in these fractions, as described 
above . 

Heteroclitic Nature of Recombined Antibody 

Detailed specificity of binding to NIP-cap-BSA was investigated by 
comparing the assembled antibodies with Bl-8 IgM in the presence of free 
NIP-cap and NP-cap (figure 7). Both Bl-8 IgM and the assembled antibodies 
showed that higher NPK:ap than NIP-cap concentrations were required to 
inhibit NIP-cap-BSA binding. 
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Bl-8 IgM 
Fraction 26 
Fraction 27 and 28 
Purified u and X 



NIP 150 uM 

0.13 (SD, 0.05) 

0.34 (SD, 0.09) 

0.11 (SD, 0.02) 
0.04 



NP I 50 U-M 

3.7 (SD, 2.9) 
1.9 (SD, 0.4) 
1.1 (SD, 0.3) 
0.84 



NP l50_ 
NIP 150 

29 
6 
10 
22 



SD 



Standard Deviation. 



3803 



DISCUSSION 

^evel expression of X and u polypeptides was demonstrated 

E cou HB101. A neater level of expression of > was found in strains 
^nd H^oli B U- Schoemaker, personal communication, and represented 
13* total E^oli protein. A higher u concentration was also found in 
E coli B than HB101 cells containing P NP14 and was e.uivalent to 1% total 
TToII orotein. These differences in steady-state levels of the » and 

~ ' , • , mpivto result from different levels of protein 

proteins produced is most likely to result 

stability X protein had a half life of 20 minutes in HB101 but was s.able 
an d accumulated in E103S. Similarly the pulse chase data shows that u is 
mor e stable in E^oli B than HB101. This increased stability in E^oli 
may be explained by the formation of inclusions, perhaps compartmentalizing U 
3Way from oroteases. E^li B is known to be deficient in Ion protease 

23 24, so that the absence of this protease either acting upon U, or being 
responsible for activating other proteases that act on „ may be the ma jQ r 
factor resulting in accumulation in E I _coli B. 

Both u and X proteins were expressed on compatible plasmids in the same 

* +-wn different polypeptides necessary for the 
cells. This expression of two dirrerenu pu y P * 

formation of a higher eukaryotic multi-subunit protein in E^oli represents 
the first of its kind. Thus it was of great interest to see if this 
concomitant expression of Xg , and X would lead to the formation of complete 
and functional IgM. No functional antibody was found following 

^^^^ nf ^soluble material. This indicated that the Ig u and X 
Tare Z covalently interacting in the insoluble material in a specific way 
and that the inclusions represented non-active protein. " The lack of 
activity correlated with insignificant amounts of Ig U or X in the soluble 
fraction, However, only a low percentage of cells were found to contain 
D oth plasmids after 36 hours induction. Thus the failure to find active 
( and presumably soluble, antibodies in^ivo might simply be a reflection of 
the possibility that both polypeptides were not expressed at high levels m 
tne same cells, and only a low percentage of cells contained both plasmids 
anyway . 

Pactional antibody activity, as defined by antigen binding, was 
obtained following dialysis of extracts in conditions m which disulfide 
interchange occurs. Significant antigen binding activity was recovered, 
whi ch was abolished by competition with free hapten in a binding assay. 
Serial dilution of samples revealed a similar gradient in the reduction of 
binding compared to the monoclonal Bl-8. The bacterially synthesised 
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antibody also demonstrated higher affinity binding to the related hapten 
NIP in a manner similar to that of the Bl-3 antibody. Recovery of 
functional activity was not dependent on coexpression of the n and X 
polypeptide chains since results from purified u and X expressed from 
different cells showed similar results. Functional activity was, however, 
deoendent on association between heavy and light chain polypeptides, since 
folding the u heavy chain in the absence of X light chain produced no 

antigen binding molecules. 

Although the overall efficiency of production of functional antibodies 
was low, those molecules which did assemble, demonstrated activity in a way 
very similar to the hybridoma synthesised molecules. It is unclear why 
the efficiency of assembly was low, but was possibly due to the large 
number of disulphide bridges needed to assemble an IgM molecule. The 
heavy and light chain polypeptides were completely unfolded before assembly 
and so the intra-domain disulphide bridges as well as the inter-chain 
disulphide bridges need to be made correctly. Classically, when 
xmmunoglobulin heavy and light chains are separated and reassembled, only 
the inter-chain disulphide bridges are reduced and these molecules refold 
with high efficiency (25,26) . The conditions used in our experiments for 
the formation of disulphide bridges were probably adequate, since the 
bacterially synthesised X "light chain when folded under such conditions led 
^o the appearance of a discrete lower molecular weight species, as expected 
for accurately folded and oxidised X light chain, which comigrated with 
oxidised X protein from Bl-3 (data not shown) . 

These results indicate that non-glycosylated immunoglobulin molecules 
oroduced in E . coli can be used for studies concerning antigen-binding. 
It is now possible to investigate the effects on antibody-antigen 
interactions following mutation of specific amino-acids of the antibody by 
site-directed mutagenesis and expression of the polypeptides in E^coli. 

ACKNOWLEDGEMENTS 

„e thank Drs. A. Bothwell and D. Baltimore for giving us plasmids 
P ABX1-15 and pABu-il; Drs. M. Neuberger and T . Imanishi-Kari for gifts of 
Bl-8 protein; and many colleagues at Celltech who have given us advice 
during the course of this work. 

REFERENCES 

1 Harris, T.J.R. (1983) in Genetic Engineering, Williamson, R. Ed., 
Vol. 4', pp. 127-133, Academic Press, London. 



3805 



Nucleic Acids Research 



5. 
6 . 

7. 

8 . 

9. 

10. 

11 

12 



A.ster, 0., Salomon, D . , Zemel, 0., Zamier , A Zeelor E.P., -n.o. 

T. and Schechter, I. (1980) Nucl. Acids Res 8 20^-20o> 

Kemp, D.J. and Cowman, A.F. (1981) Proc . Natl. Acad. Sc.. uo« 7., 

K"otowa!"T-, Seno, M. , Sasada, R . , One, Y. , Onda , H. , Igarashi, K. 
Kikuchi , M. , 
3077-3085. 
Kenten, J.H. 



Sugino, Y. and Honjc, 



(1983) Nucl. Acids Res. 11 



~* Gould, H.J. (1984 
(1978 



K 



Eur . 



Immunol. 8, 



13 . 
14, 

15. 

16. 

17. 
18. 
19. 

20. 

21 . 

22. 

23. 
24. 
25 
26 



Helm, B.A., Cattini, P. A. ar 
Proc. Natl. Acad. Sci. USA. In press. 
Reth, M- , Hammerling, G.J. and Rajewsky, 

393-400. i t 

imanishi, T. and Makela, O. (1973) Eur. J Immunol 3 3.3-30. 
Bothwell, A.L.M., Paskind, M. , Reth, M. , Imanishi-Kan , Ra 3 ewsky, K. 

and Baltimore, D . (1981) Cell 24, 625-637 Raie wskv Y 

Bothwell, A.L.M., Paskind, M. , Reth, M. , Imanishi-Lan , T. , Rajewsky, h. 
«nrl R^ltimore D (1982) Nature 298, 380-382. 

ManiSS T^Fritsch, E.F. and Sambrook , J. (1982) Molecular Cloning 
(a laboratory manual), Cold Spring Harbor Laboratory. 

_ _ M .^<™ - a Bo-^ C.C., Titmas, R.C., Mock, G.A. and 
Patel, T.P., Mmican, i. . A . , bo—, — / 
paton, M.A.W. (1982) Nucl. Acids Res. 10, 5606-5620. 
Emtage, J.S., Angal, S., Doel, M.T., Harris, T.J R. , Jenkins, B., 
Lilley, G. and Lowe, P. A. (1983) Proc. Natl. Acad. 
3671-3675. 

Wood, C.R., Boss , M.A., Patel, T.P. and Emtage , J. 
(submitted). . 
Boss, M.A. and Emtage, S. (1983) Gene expression, UCLA. 
Molecular and Cellular Biology, New Series, Hamer , 
M Eds Vol. 8, pp 513-522, Alan R. Liss Inc., New York. 
Kabat E A Wu T.T. , Reid-Miller, M. , Perry, H - (1983) Sequences of 
' proton 'of'inologxcal interest. U.S. Department of Health and 

Human Services, Public Health Service. National Institutes of Health 
, Gold, L., Pribnow, D. , Schneider, T., Shine ling S. ( Singer, B.S. and 
Stormo, G. (1981) Ann. Rev. Microbiol. 35, 3bo-40.. 
iserentant, D. and Fiers, W. (1980) Gene J, . ■ 

E. and Goeddel, D.V. (1982) DNA 1, 125-1 Jl . 

D. 



Sci. USA 80, 

. S. Nucl. Acids Res. 

Symposia on 
D. and Rosenberg, 



Derom, C. and Fiers, W. (1982) Gene 17, 
Obijeski, J.F. and Goeddel, D.V. (1983) 
R.M. , Muth, W.L. and Burnett, J. P. (1982) 



Shepard, H.M. , Yelverton, 
Gheysen, D. , Iserentant, 
55-63. 

Yelverton, E. , Norton, S. 
Science 219, 614-620. 
Williams, D.C. , Van Frank, 
Science 215, 687-689. 

Dunn, J.J. and Studier , F.W. (1980) Nucl. Acids Res 8 21 9-2132. 
Donch, J. and Greenberg, J. (1968) J. Bacteriol. 95, ^3- 5, 
Donch J., Chung, Y.S. and Greenberg J. ^ 969 ^ G ^! 5 ^ ]] ^ 
Bridaes S H and Little, J.R. (1971) Biochemistry 10, 2525-^30 
Sthou "r'e" and Dorrington, K.J. (1975) Subunits in Biological 
Systems, Timasheff, S.N. and Fasman, G.D. has., Part C. PP .^4, 
Marcel Dekker , Inc., New York. 



Volume 1 2 Nl 



Molecular am 



lan D.Hicksc 



Department c 



Received 13 



ABSTRACT 

The : 
fusions tt 
low and i 
product r. 
leftward 
protein, 
was purif 



INTR0DUCT 
Muta 
genetic i 
Mutants 
DNase (2- 
of moleci 
identify 
and recC 
Pur, 
in low : 
enzyme, 
presente 
amount < 
and rec 
attri 
genes, 
avail 
possibl 
RecB an 
vectors 
lef twa 



3806 



© IRLP 




ucleic 

Acids . 
Research 



jtanfoRO UNIVERSITY 
LIBRARIES 

M\ 5 




OIRL PRESS 

Oxford- Washington DC 



ISSN 0305 1048 
Coder, NARHAD 



Exhibit 8 



Proc. Natl. Acad. Sci USA 

Vol. 85, pp. 8678-8682, November 1988 

Medical Sciences 



Secretion of functional antibody and Fab fragment from yeast cells 

„™/chi m eric antibody/yeas, signal sequence/tumor antigen binding/effector functions, 
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ABSTRACT We have constructed yeast strains that se- 
crete functional mouse-human chimeric antibody and its Fab 
fragment into the culture medium. For chimeric whole anti- 
body, cDNA copies of the chimeric light-chain and heavy-chain 
eenes of an anti-tumor antibody were inserted into vectors 
containing the yeast phosphoglycerate kinase promoter injer- 
tase signal sequence, and phosphoglycerate kinase polyaden- 
vlylation signal. Simultaneous expression of these genes in yeast 
resulted in secretion of properly folded and assembled chimeric 
antibody that bound to target cancer cells. Yeast chimeric 
antibody exhibited antibody-dependent cellular cytotoxicity 
activity but not complement-dependent cytotoxic.ty activity. 
For production of Fab fragments, a truncated heavy-chain (Fd) 
gene was created by introducing a stop codon near the codon 
for the amino acid at which papain digestion occurs. Simulta- 
neous expression of the resulting chimeric Fd and light-chain 
genes in yeast resulted in secretion of properly folded and 
assembled Fab fragment that bound to target cancer cells. 



While a number of single-chain heterologous proteins have 
been secreted from yeast (1-7). the secretion of foreign 

■ l-.—^j:,.,,,^^ r>rntf>ins has not been reported, 
muiumenc oi uciciOuiine,^ pi— i a. . 

Of the latter two groups, antibody molecules or the protein 

fragments that contain their antigen-binding domains, Fab 

and F(ab') 2 (Fig. 1), are particularly important for a wide 

variety of applications, including detection and treatment of 

human d.sease (8, 9), in vitro diagnostic tests (10) and affinity 

purification methods (11). Chimeric antibodies that consist at 

mouse variable (V) regions fused to human constant (C) 

regions may be especially valuable for human therapeutic or 

in vivo diagnostic uses, since they are potentially less 

immunogenic in humans than are mouse antibodies. 

We have described (12) the development of a cUNA 

cloning strategy for the construction and expression of 

chimeric antibodies. In this approach, cDNAs coding for the 

mouse V regions are fused at the immunoglobulin joining (J) 

region to cDNAs coding for human IgGl C regions. The 

cDN A approach for chimeric antibody construction provides 

an ideal starting point for expression of these : genes in 

microbial systems that either do not undertake mRNA 

splicing or do so only rarely. In this paper, we describe the 

secretion from yeast of chimeric antibody and Fab protein 

The yeast-secreted molecules (both whole antibody and Fab) 

bind to target cells as well as their lymphoid celWenved 

counterparts. In addition, yeast-denved whole antibody has 

the same antibody-dependent cellular cytotoxicity (ADCC) 

activity observed with lymphoid cell-derived whole chimeric 

antibody but lacks the complement-dependent cytotoxicity 

(CDC) activity shown by the lymphoid cell-derived antibody. 



The publicat.cn costs of this article were defrayed m part by p« ctor 
pavment. Th,s article must therefore be hereby marked advert semen, 
in accordance with 18 L'.S.C. §1734 solely to indicate this fact. 
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Fig 1 (-4) Structure of mouse-human chimeric IgGl. The 
locations of papain and pepsin cleavage sites and the structures of 
F(ab) and F(ab'), resulting from digestion with these enzymes are 
shown. The locations of N -linked glycosylate and a stop ^codon 
introduced by site-directed mutagenesis are also shown V, vanable. 
C constant; H, heavy; L, light. (B) Site of in vrtrw mutagenesis and 
DN A sequence of the mutagenesis primer used to place a "op codon 
and Bel I site in the sequence encoding the hinge region of human yl 
heavv chain. The Bel 1 site was converted to Xho I by digestion with 
5d I foUowed by treatment with phage T4 DNA polymerase and 
Hgation with Xho 1 linkers. The stop codon was unaffected , by h, 
treatment. Arrows indicate interchain disulfide bonds with light 
chain (LC) and heavy chain (HC). 

MATERIALS AND METHODS 
Strains and Media. Escherichia coli strain MC1061 (13) was 
used as a host for plasmids. E. coli strain 71.18 (14) was used 
as a host for bacteriophage M13. Saccharomyces cerevmae 
strain BB331C (MA 7a ura3 leu2) was used as a host for yeast 
transformations performed as described by Ito et alM5). t. 
coli was grown in TYE broth (1.5% Tryptone/1.0% yeast 
extract/0.5% NaCl) or agar (1.5% Bacto) supplemented, as 

Abbreviations; PGK. phosphoglycerate kinase; ADCC. antibody- 
dependent cellular cytotoxicity; CDC. complement-dependent cy- 
totoxicity; C. constant; V, vanable. 
f To whom reprint requests should be addressee. 
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needed, with ampicillin (50 ptg/mi). Yeast transformants 
were selected on SD agar (2% glucose/0.67% yeast nitrogen 
base/2% agar) and grown in SD broth buffered with 50 mM 
sodium succinate fpH 5.5). 

I In Vitro Mutagenesis. Site-directed in vitro mutagenesis to 
place restriction sites at yeast or mammalian signal-sequence 
processing sites and a stop codon in the heavy-chain hinge 
region was performed as described by Kramer et al. (14). 
Phage plaques containing the desired mutation were identi- 
fied by plaque-filter hybridization with 32 P-labeled pnmer. 

Enzyme-Linked Immunosorbent Assay (ELISA). Light 
chain was detected by double-antibody sandwich ELISA ( 16) 
using goat anti-human k antiserum as the coating antibody 
and peroxidase-labeled goat anti-human k antiserum for 
quantitation of bound k protein. Heavy chain was detected 
similarly with goat anti-human y antisera with and without 
peroxidase label. Association of k light chains and y heavy 
chains was detected with goat anti-human k antiserum as 
coating antibody and peroxidase-labeled goat anti-human y 
antiserum as the second antibody. 

Isolation of Chimeric Whole Antibody and Chimeric Fab 
from Yeast. Whole antibody was purified from the culture 
supernatant of a 10-liter fermentation as follows. The culture 
supernatant was concentrated by ultrafiltration (DC 10 ultra- 
filtration system with spiral cartridge, 30-kDa size cutoff; 
Amicon), filtered through a 0.45-^m filter, and concentrated 
over a YM30 filter (Amicon) to 250 ml. Antibody protein was 
purified from the concentrated supernatant by protein A- 
Sepharose chromatography (11). Analysis of this protein by 
nonreducing polyacrylamide gel electrophoresis followed by 
Coomassie blue staining and immunoblotting with anti- 
human k antiserum (Sigma) as probe revealed a whole 
immunoglobulin-size protein band against a background 
smear. The protein in this band was purified by HPLC on an 
\B X (5-fim particle size) column (Baker), with elution by a 
linear gradient of 10-125 mM potassium phosphate (pH 6.8). 

Fab protein was purified from 1 liter of culture supernatant 
by concentrating over an Amicon YM30 filter, washing with 
130 ml of 10 mM potassium phosphate at pH 7.5 (buffer A), 
and reconcentrating to 12.5 ml. The supernatant was diluted 



Proc. Na^^d. Sci. USA 85 (1988) 8679 



to 54 ml with buffer A and loaded onto a 1.5-ml S-Sepharose 
column, washed with 20 ml of buffer A, and eluted with a 
40-ml linear gradient of 0-200 mM NaCl in buffer A. 

Fab protein prepared by papain digestion (11) of 3 mg of 
whole L6 mouse antibody or chimeric antibody was purified 
on a 25-ml S-Sepharose column by elution with an 80-mi 
linear gradient of 0-120 mM NaCl prepared in 10 mM sodium 
phosphate (pH 7.5). The Fab protein was eluted at 60 mM 
NaCl and was free of Fc protein. 

Functional Tests of Chimeric Antibody and Fab from Yeast. 
The following tests were used to assess function: (/) direct 
binding of whole antibody or Fab to target cells that are 
positive or negative for the L6 antigen; (ii) competition 
inhibition of binding of L6 mouse antibody to antigen-positive 
cells; (///) ADCC and CDC assays with whole antibody. The 
binding assavs were performed with a Coulter model EPIC-C 
cell sorter (17). ADCC and CDC assays were performed with 
51 Cr-labeled target cells (18, 19) that were exposed to the 
antibodies and peripheral blood leukocytes or human serum 
over a period of 4 hr. 

RESULTS 

Construction of Yeast Expression Plasmids Containing An- 
tibody Genes. To facilitate light- and heavy-chain secretion 
from yeast, the gene sequences encoding the mature forms of 
the light and heavy chains of a chimeric anti-tumor antibody 
(L6, ref. 12) were fused to the yeast invertase signal sequence 
(20) and placed under the control of the phosphoglycerate 
kinase (PGK) gene promoter (21). These fusions were then 
cloned into yeast expression vectors containing the PGK 
polyadenylylation signal (21) to generate pING1441 (light 
chain, leu2) and pING1442 (heavy chain, ura3) (Fig. 2A). 

The Fd portion of heavy chain consists of the V region and 
the C H i domain (Fig. 1) and is generated by digestion of 
whole antibody with papain (11). To enable yeast to synthe- 
size Fd protein, a stop codon was introduced by site-directed 
mutagenesis of the chimeric heavy-chain gene so that trans- 
lation would terminate in the hinge region, near the papain 
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recognition mic u ^ 1 J,tw - 



B 



Xhot 



Xhol 



Apal 



BamHI/Bglll 





BamHI 




BamHI 



Fig. 2. Structure of yeast immunoglobulin expression plasmids. The fusions of the gene sequences encoding he ^mature form so light and 
heavy chain to the yeast invertase signal sequence and PGK promoter were accomplished by firs t mtroduc ng b y m v n™^™*™^ 
restriction site at the signal-sequence processing sites for both the invertase signal sequence (P, ^ ''gh UAa 11) and hea 
eenes These sites were positioned such that a blunt-ended ligation of restriction enzyme-digested. T4 DNA polymerase-treateo u™ s r« Mi 
EE 5*2. tr^Za. fusions of the 5' end of the mature immunoglobulin chains with the 3' ^J^^SS^^^ 
The light-chain expression plasmid, a P ING1441. was constructed by cloning *Bgl ll-Xho I frag ment contains g he c^.n gene .mo a 
expression vector. P 1NG804CVS (provided by J.-H. Lee. International Genetic Engineering). plNG1441 contains he complete ; . ^ pi* 
2 the chimeric light-chain gene<V and C. regions, fused to the PGK promoter <P). invertase signal ^"7/ 
termination and polyadenylylation signals (T); and the leu2 gene as the yeast selective marker. The av ^^^ 
•as constructed bv cloning a BamHl-Xho I fragment containing the heavy-chain gene into a yeast expression vector. piNuii -u . p 
"tains th™ yeast origin of replication ioriY) and a cis-acting stabilization sequence (Rep3) from yeast 2-^m ^"^ g^ 
*ne V-region and C-region 'domains C H1 . C„, and C H3 ) fused to the PGK promoter, .nverjase «^ e ^ 
Termination and polvadenvlylat.on signals; and the urai gene as the yeast selective marker. /he Fd-^ 
is identical to the heavy-chain expression plasmid. pING1442. with the exception that the Apa l-Xho I restriction fragment in piNUtw 
C H i- C H 2. and C H , has been replaced with a fragment encoding only C H1 . 
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with the stop codon. Following ^ m ^^Gl^SS ' 
Xho I . the Apa \-Xho 1 C H -region fragment of pI^NGl'W- (Fig. 
">A) was replaced with an Apa l-Xho 1 C H1 fragment con 
tllimg tne'stop codon in the hinge region to generate 

Pl Secr^on <F of g wfo.e Chimeric Antibody from Yeast The 
plasm d PING1441 and plNG1442 were cotrans formed m o 
S ce revile strain BB331C by selection or Ura Leu 
colon es Ten transformants were grown for 3 days in 5 ml of 
SD broth and the culture supernatants were analyzed by 
ELISA for the levels of light chain, heavy chain, and 
associated Might and heavy chains. The culture supernatant 
o Tw IransLmants (nos. 1 ^5) contained hght c am a 
-100 ng/ml and heavy chain at 50-80 ng/ml, and 50-707o ot 
the heavfchain was associated with light chain These 
proteSereconcentratedonaCentnc O n30filter(Am.con 

electroShoresed in a NaDodS0 4 /7% polyacrylarmde gel 
JSSSudng conditions, and transferred to nitrocellu- 
lose Tcrossreactive protein was detected with goat ant - 
human k antiserum followed by peroxidase-labeled rabbit 
U goa antrum. A faint, but distinct, band that conu- 
Sited with purified chimeric L6 antibody produced by Sp2/0 

s wis observed in the lanes containing bot superna an 
(data not shown). These results suggested that he yeast 
tfansformants were synthesizing and secreting a fully assem- 
bled Thimenc antibody that was very similar to lymphoid 

c io de P r;S 

for detailed characterization of structure and function trans 
formant no 5 was grown in a 10-hter fermentor for 58 hr. 
WhT anybody Js purified from this culture me .urn as 
described in Materials and Methods. ELISA analysis oi 
t umn fractions from HPLC (AB X 5-^) revealed a heavy 
(v and light (k) chain-crossreactive peak corresponding to a 
di tfnct Tl peak. Analysis of these fractions by nonreducing 
NSsoT/polyacrylamide gel electrophoresis revealed a 
Sein tha coLgrated with L6 chimeric antibody purified 
"„7./0 cells (Fie. 3). Under reducing conditions, the 
nroiein in these fractions was resolved into a ughi-cnam 
ffi wScn comigrated with the light cham of L6 chimeric 
antibody from S P 2/0 cells, and two 1 (Sf ' 3] Tht 
mitrrated near the heavy chain from Sp2/0 cells ^rig. D : i 
p^SJSrfon of yeast-produced chimenc antibody 
was used in further binding and function assays. 

Secretion of Chimeric Fab from Yeast. The plasmias 
DING1441 (Fig. 2A) and pING1445 (Fig. 25) were cotran - 
fWed into ?. ce evisiae BB331C and the transformants 
w S grown in broth under se.ective cond^^^nbed 
above The culture supernatants were assayed by EL S A and 
were found to contain light chain at 100-200 ng/ml. lo 
Srm^e whether the cells secreted a Fab-s.ze protein, the 
£E supernatants were concentrated w,t iCej r ,co n M 
filters electrophoresed in a nonreducing NaDodSO,, 10* 
Dolvacry amide gel. and electrophoretically transferred to 
SSSSe P a 8 per. Light cha.n-crossreactive protein was 
detected with goat anti-human * ant iseamn M^** 
peroxidase-labeled rabbit anti-goat antiserum 0"e of l h e ^ e 
fransformants secreted a distinct .-cross ™^ b J n J; 
which migrated at the expected position for Fab protein (data 

"^heTeast strain that secreted the Fab-size protein was 
grown in l ter of SD broth for 4 days at 30°C anc I Fab pro em 
was purified from the culture supernatant. N°r. r ed"C'<?S 
SaDo P dS0 4 /po.yacrylamide gel ^.^^^S: 
arose column fractions containing anti-human K-crossre 
ive protl revealed a 46-kDa protein emigrating w, 
chimeric Fab prepared by papain digestion _of W «« 
derived chimeric whole antibody (Fig. 4). Electrophoresis 
under reducing conditions resolved this protein , > two 
bands that migrated at 23 and 25 kDa (F.g. 4). The -3 kDa 
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Fic 3. Silver-stained NaDodS0 4 / P olyacrylam.de gels show,ng 
punned chimeric antibody secreted by yeast (A) Nonreduang 7% 
gel. (B) Reducing 10% gel. Intensely stained band at 6 kDa on ^both 
E gels is bovine serum albumin (BSA) which was present £ i a earner 
protein. Size marker (lanes SM) molecular masse i (m 1 ^ » l ^™ 
and reievant r ^denved (lanesj ) a nd^de^Oanes * 
antibody nanus inu un iiuinv.O"L... b „-., --- 
(light chain) on reducing gel] are identified. 

band was identified as light chain by ^ reactivity - on an 
immunoblot with anti-human k antiserum. These results were 
insistent with the predicted molecular masses bas^ d on 
nucleotide sequence, for fully processed L6 chimenc light 
chain (23 3 kDa) and Fd chain (24.8 kDa). 
Ch Bm£ Characteristics of Chimenc Whole Ant.bod, -and 
Fab Protein Secreted by Yeast. The purification I rom yea t 
culture supernatants of protein of the expected size of whole 
antibody and Fab suggested that the yctfwto man 
were secreting correctly folded, functional molecules, lnis 
hypothesis was confirmed by performing direct and compe- 
tition binding assays with a human colon carcinoma cell line 
1 ne C-3347) that expresses 5 x 10 5 molecules of the L6 
mo! -antigen per cel. (17). In the d'-ct binding assay both 
whole antibody and Fab from yeas bound to the garget 
cancer cells but not to a control cell line that lacked the Lb 
antigen (data not shown). In the competition assay using 
mouse L6 antibody, 50% binding inhibition was observed at 
the same concentration (2 ^g/ml) for both yeast-de me and 
Sp2/0 cell-derived whole chimenc antibody (Fig. .5). In we 
same assay the veast-derived L6 chimenc Fab behaved 
SicaUy ay to both Sp2/0 cell-denved chimenc an d mouse 
Fab proteins prepared by papain dige st.on (F.g. 5). li ity 
percent inhibition of mouse L6 antibody was achieved by the 
veast-derived Fab at 7 ng/m\. ....... »nrr hut 

Chimeric Whole Antibody from Yeast Med.ates ADCC but 
No.Sc. Two additional tests for function were palmed 
with chimeric whole antibody from £»V "^"g^ 
ADCC in the presence of human penpheral blood leukocytes 
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Fig 4, Coomassie blue-stained gel comparing purified chimeric 
Fab protein secreted by yeast (lanes Y) with chimenc (lanes C) and 
mouse (lanes M) Fab fragments produced by papain digestion of 
Tact aSdy (A) Nonreducing 10% gel. (B) Reducing 12% gel- 
Size marker molecular masses (kDa) and relevant bands are shown. 
LC, light chain. 

and (if) mediation of tumor-cell lysis in the presence of human 
complement. ADCC activity of yeast^erived chmenc L6 anti- 
r ....... _ _f c-t /n r-i*\\-dpnvp<i chimeric 

body was sUghtly nigner inan that ut — 1 - c --; - ., 
antibody, and the ADCC activities of both chimenc antibodies 
were higher than that of the mouse L6 antibody (Table 1)^ 
Yeast-derived L6 chimeric antibody failed to mediate CDC even 
at the highest antibody concentration, whereas Sp2/0 ceu-ae- 




Table 1. ADCC analysis 
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Antibody 



Standard mouse L6 
Sp2/0 chimeric L6 

Yeast chimeric L6 

None 



Cone, 




jig/ml 


% cytolysis 


5.0 


42 


1.0 


48 


1 0 

1 .u 


% 


0.1 


71 


0.01 


54 


0.001 


37 


1.0 


114 


0.1 


108 


0.01 


76 


0.001 


60 


0 


23 



The colon carc.noma target cells (line C-3347) were 
«Cr and exposed for 4 hr to a combinat.on of monoclonal antibody 
and human 'peripheral 

r-Plr^e nf 51 Cr was measured subsequently. The release or \<xu^ 
Sections of vXs for spontaneous release from untreated cells) « 
a measure of cytolysis. 

rived chimeric L6 antibody and mouse L6 antibody exhibited the 
expected cytolytic activity (Table 2). 

DISCUSSION 

We have engineered the yeast S. cerevisiae to ^secrete 
Sse-human chimenc antibody and .Fab ■ pjo«m 
nto the culture medium. This was accomplished lb - simul 
taneous expression of the mature 

heavy-chain gene or a truncated heavy-chain (Fd) gene toed 
to the veast invertase signal sequence and the PGK. promoter 
In "po.yadenylylat.on signal. Several ^^St^ 
port the thesis that these proteins ^.^^J 0 "? 1 fab 
Proteins of the expected size for whole antibody and Fab 
were purified from the culture supernatant* o, yeast cells 
expressing the chimeric light- and heavy- or F^h^genes 
fFiU 3 and 4) (ifl The whole antibody and Fab from yeast 
SveVmdSin uishab.y from their l*"*^^ 
^mrt, in hoth direct and competition binding assays 
5r«iiTThc chimeric whole antibody from yeast exniu- 
Sfef the same ^ADCC activity as the chimeric ant.body from 

SP Tne "havlbtna number of reports of secretion from 
veas of heterologous proteins fused to yeast signal se- 
yeast oi neie ™' og " .. f h prote i ns j n these examples were 

Sp^d'of a'Sgte SJpeU chain. 
one example of functional mouse ant.body producUon 
in veast the antibody in this case was found only intracel 
lulaTy m vacuoles; oriy unassociated light and heavy chains 
were detected in the culture supernatant (22). 

Table 2. CDC analysis . 



Concentration (ug/ml) 



Fio 5 Comparison in antibody-competition binding assays 
between whole chimeric L6 antibody (IgG) derived from yeast ^and 
Sp2/0 cells. ch,menc L6 Fab derived from yeast or prepared by 
papain digestion of whole chimenc ant.body isolated from Sp2/0 
ceHs and mouse Fab prepared by papam d.gest.on of L ant*ody 
C-3347 colon carcinoma cells were .ncubated with various concen 
fraSns of unlabeled blockmg ant.bod.es before ^™ 
ce.n isothiocvanate-conjugated mouse L6 ant.body (3 /xg/ml). Inh. 
bition was measured by flow cytofluonmetry. 



Cone, 



Complement* % cytolysis t 



Antiooay 
Standard mouse L6 


5 
1 
5 
5 
1 

0.1 


+ 
+ 


122 
53 






1 


Sp2/0 chimeric L6 


+ 
+ 
+ 


73 
22 
5 
2 


Yeast chimeric L6 


5 
5 
1 

0.1 


+ 
+ 
+ 


3 
2 
4 

rhp snurce of 



1SSSK-C3M7 cells were exposed to human c^ent and 
antibody. CDC was measured by a 4-hr Cr-release assay 
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The chimeric whole antibody from yeast mediated ADCC 
in an identical fashion to Sp2/0 cell-derived chimeric anti- 
body (Table 1). These results suggest that the yeast-denved 
antibody is equivalent to the lymphoid cell-derived antibody 
in interacting with Fc receptors on killer cells and activating 
them to mediate ADCC. Interestingly, the chimeric mouse- 
human antibody from either lymphoid cells or yeast was more 
efficient at ADCC than was the mouse antibody. Thus, the 
Fc-receptor interaction involved in ADCC appears to be 
primarily determined by the amino acid sequence of the Fc 
portion of the antibody and is probably not affected by the 
altered glycosylation patterns expected for yeast-denved 
antibody. This conclusion is consistent with the observation 
that binding of Fc receptor type I by IgG, which may play a 
central role in ADCC (23), occurs in the region linking the 
C H2 domain to the hinge (24). This region of the protein is an 
exposed, flexible strand (24) and is well removed from the site 
of N-linked glycosylation (25). 

An intriguing result is that the yeast-denved antibody lacks 
the ability to activate complement to lyse target cells (Table 
2) This may reflect differences in the glycosylation patterns 
of the yeast-derived and Sp2/0 cell-derived chimeric anti- 
bodies. Several observations support this hypothesis. Bind- 
ing of complement component Clq, which initiates CDC, 
occurs within the C H 2 domain of human IgG (26), which is 
also the region of N-linked glycosylation. Second, elimina- 
tion of the N-linked glycosylation site in mouse IgG2b by in 
vitro mutagenesis of asparagine-297 to alanine results m 
reduced affinity of the antibody for human Clq and complete 
loss of CDC (27). Third, while yeast and mammalian cells 
recognize the same peptide signal [Asn-Xaa-(Ser/Thr)] for 
glycosylation and utilize a similar pathway for core oligosac- 
charide synthesis in the endoplasmic reticulum (28), the type 
and extent of outer chain glycosylation appear to be quite 
different in these cell types (29). Indeed, companson of yeast- 
and Sp2/0 cell-derived heavy chains by reducing NaDod- 

/_ -i, \~~:,\~ na \ aU^trp^hrtrpck rpvealed differences 

in protein mobility (Fig. 4), which may be caused by differ- 
ences in glycosylation. Such glycosylation differences may 
be sufficient to cause a loss of CDC activity. Further studies 
will be required to establish the exact cause of these size 
differences and their possible relationship to CDC activity. 

Fab proteins may be especially useful for certain diagnostic 
and therapeutic applications, including in vivo tumor imaging 
(8) and drug or toxin delivery to tumors. Mouse-human 
chimeric Fab proteins are particularly attractive for these 
uses because they may be less immunogenic than mouse Fab 
proteins in humans. Current methods for Fab Production 
involve papain digestion of purified whole antibody (11). This 
approach can be problematic, since not all antibodies are 
equivalent in their susceptibility to papain cleavage (11) and 
additional purification steps are required beyond that for the 
whole antibody. In addition, papain digestion can result in 
partial degradation of the Fab (Fig. 4). By contrast, direct 
production of Fab by yeast or, as descnbed elsewhere, by E. 
coli or Sp2/0 cells (30) can yield a highly punfied, homoge- 
neous Fab preparation that has the same binding activity as 
the Fab prepared by papain digestion (Fig. 5). Further, the 
introduction by site-directed mutagenesis of a restnction site 
in conjunction with the stop codon in the Fd sequence 
permits manipulations at the 3' end of the gene that can yield 
Fab proteins with altered properties, such as enhanced 
{ affinity in labeling reactions, or allow direct production of 
Fab molecules linked to various proteins. 
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THE BINDING-SELECTIVITY OF ANTI- 
body molecules makes them suited 
for applications as diverse as affinity 
chromatography, diagnostic reagents, and 
therapeutics in 'the detection and treatment 
of human diseases. Monoclonal anubodies 
are especially useful for these purposes be- 
■ cause they can be prepared with homoge- 
neous recognition specificities targeted at 
virtually an unlimited number of antigenic 
determinants. The protein domains that 
* confer these antigen recognition determi- 
nants can be proteolytic ally separated from 
the remainder of the molecule and still retain 
their antigen-binding ability. This portion 
r of an antibody (Fab) is roughly one-third 
, the size of an intact immunoglobulin G 
: (IgG) (about 48 kD) and exhibits monova- 
lent anugen binding. The similar F(ab') 2 
f portion retains divalent antigen-binding ca- 
: pacitv and contains both recognition do- 
; mains linked by two interchain disulfide 
^ bridges. Antibodies differ, however, in their 
m susceptibility to proteolytic cleavage, and 
preparations can be heterogeneous. The rel- 
atively simple structure of a Fab (5 disulfide 
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bonds) compared to an intact antibody (16 
disulfide bonds) and the therapeutic useful- 
ness of Fab molecules make them attractive 

1 fermen- 
targets ioi piuum-uui. ^ T i.^*-. — 

ration after appropriate protein engineering. 
Here we discuss the expression of a mouse- 
human chimeric Fab in Escherichia coli, that 
is, a molecule that contains the variable 
regions (antigen recognition domains) from 
a mouse monoclonal antibody and the C H 1 
and C K constant regions from a human IgGl 
antibodv. 

Each 'protein chain of a Fab has two 
intracham disulfide bonds that stabilize 
functional domains, and a single cysteine 
involved in interchain disulfide linkage. 
Escherichia coli has been used to produce 
individual immunoglobulin chains internal- 
ly that are not properly folded (i, 2), or 
individually secreted chains (3); however, 
for E. coliio assemble the truncated heavy 
chain (Fd) and k into the correct heterodi- 
mcric molecule, both chains must be trans- 
lated simultaneously and secreted. This op- 
eration would then mimic the cognate 
immunoglobulin assembly process. 

The chimeric L6 antibody (4), directed 
toward a ganglioside antigen expressed on 
the cell surface of many human carcinomas 



(5) has been described. This antibody, pre- 
pared from the culture supernatant of an 
Sp2/0 transfectoma cell line, is expressed 
from the cDNA copies of the chimeric L6 
IgG 7 and k chain genes. The cDNA clones 
for these two chimeric genes were used as 
the starting point for expression of a Fab 
molecule in mammalian cells and bacteria. 

A termination codon was introduced into 
the chimeric heavy chain gene at amino acid 
228 by site-directed mutagenesis (6) (Fig. 
la) in a manner that introduced a Bel I 
restriction site. A similar step introduced a 
restriction site, Sst I, into the coding region 
at the processing cleavage site of the native 
heavy chain leader peptide and the mature 
heavy chain. Site-directed mutagenesis was 



Table 1. Binding activity of bacterial r a u to 
human carcinoma cells. Target cells were incubat- 
ed for 30 min at 4'C with each anubody or Fab, 
followed bv incubation with fiuorescem isothio- 
cvanate (FITC)-labeled goat antibody against 
S k for the bacterial Fab, FiTC-labeled goat 
aTbodv against mouse IgG for the L6 mouse 
Sdv, FITC-labeled goat antibody against 
mouse k for L6 mouse Fab, or goat ambody 
™t human IgG for the dumenc W «nbody. 
We determined anubody binding to the cell sur- 
to bv using a Coulter model EPIC-C cell sorter. 
FaOlabeled antibodies were obtained from 
TAGO. 



Antibody 



Mouse L6 
Sp2/0 chimeric L6 
Bacterial L6 Fab 
Mouse L6 Fabt 



♦The bmdmg ratio is the number of dmes brighter a t«t 

kKo 0347 TcSTptobablv reflect the reUmc 
binding to Wi* uTr^coniueates. Data sho«m are 
activity ot individual rr rL '^ on,u f,„, -p reDaf ed bv 
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also used to insert an Aat II restriction site 
into the chimeric k chain gene at the junc- 
tion of the leader peptide and the mature 
processed k chain. Each coding sequence, 
Fd and k, was fused to the leader peptide 
segment of the bacterial peB gene (pectate 
lyase) from Ermnia carotovora (7) generating 
a gene fusion between the leader peptide 
segment of the pectate lyase gene and the 
mature coding sequence of the Fd and k 
genes. This bacterial leader sequence was 
chosen to direct membrane translocation in 
E. colt since pectate lyase can be secreted to 
high levels under the control of a regulated 
promoter. To ensure that both Fd and k 
were also translated in close physical prox- 
imity, we assembled a plasmid that codes 
both genes in a single dicistronic message 
(Fig. lb). This operon was placed under the 
control of the inducible ara3 promoter from 
Salmonella typhimunum (8) and expressed in 
E. colt. 

Examination of culture supernatants or 
extracts of the periplasmic space (P) of E. colt 
by cnzvmc-linked immunosorbent assay 
(ELISA) for chimeric k with antibody 
against human k (Cappd), or Fab produc- 
tion with antibody against human Fd (Cal- 
biochem) and antibody against human k, 
revealed that about 90% of the secreted k 
chain accumulated in the culture medium. 
This was a surprising observation that al- 
lowed simple purification of this material 
from induced bacterial cultures. Approxi- 
mately 2 mg/liter of material reactive as Fab 
in an ELISA is secreted into culture super- 



natants of MCI 061 (pIT106). Immunoblot 
analysts with antibody against human k 
revealed that under nonreducing gel condi- 
tions, the predominant reactive species had a 
molecular size of about 48 kD. Under gel 
conditions where disulfide linkages were 
reduced, the predominant species had a mo- 
lecular size of about 23 kD. These observa- 
tions are consistent with the predicted mo- 
lecular sizes of the processed chimeric Fab 
(k, 23.3 kD; Fd, 24.7 kD), and suggest that 
the material is properly assembled. 

For purification of Fab, bacterial superna- 
tants were concentrated, filtered, and loaded 
on an SP disk equilibrated with 10 mAf 
phosphate buffer, pH 7.5. Fab was eluted 
with 0.2Af NaCl and purified by S Sepha- 
rose column chromatography, where it was 
eluted as a single peak with a linear 0 to 
0.12M NaCl gradient. The immunologically 
reactive material was more than 90% pure as 
determined by SDS-polyacrylamidc gel 
electrophoresis (PAGE) followed by Coo- 
massie blue staining (Fig. 2). Purified mate- 
rial has a molecular size of about 48 kD 
under nonreducing gel conditions and 
about 24.5 and 23 kD under reducing gel 
conditions. The 23-kD band is immunologi- 
cally distinguishable by using antibody 
against human k. 

Purified bacterial Fab was tested for bind- 
ing to L6 antigen-containing cells (Table 
1). Bacterial Fab bound specifically to the 
human colon carcinoma cell line C3347; 
cells from the T cell line T51 served as a 
negative control. Bactenally produced Fab 



also exhibited characteristic binding inhibi- 
tion of FITC-labeled mouse L6 antibody to 
the surface of antigen-positive C3347 colon 
carcinoma cells (Fig. 3). We tested bactenal- 
ly produced chimeric Fab, proteolyncally 
prepared Fab from L6 mouse antibody, L6 
chimeric antibody, and Fab prepared from 
Sp2/0 cells transfected with the truncated 
chimeric Fd and the chimeric k gene. All 
Fab preparations have essentially identical 
binding inhibition profiles. The proteolyti- 
cally produced Fab contains a significant 
proportion of degraded, low molecular size 
peptides, whereas chimeric Fab from bacte- 
ria or Sp2/0 cells is homogeneous (Fig. 2). 

Protein engineering allowed the expres- 
sion in E. coli of a functional chimeric Fab 
that has binding specificity for a human 
carcinoma cell marker. The finding that E. 
coli can be engineered to secrete a foreign 
heterodimeric molecule builds on the earlier 
report that mtrachain disulfide bonds can 
form correcdv in proteins secreted into the 
periplasmic space of E. coli (10). One useful 
application for bactenallv produced Fab 
molecules will be in tumor imaging in vivo 
{11, 12) [tumor marker-specific Fabs pro- 
duced proteolytically from whole antibodies 
have already been used for this purpose (13- 
15)}. A great advantage of the engineered 
bacterial Fab is that the protein heterogene- 
ity that results from nonspecific cleavages 
and differences in the susceptibility of anti- 
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Fig. 1. fa) Strategy for introduction of a stop 
codon and Bel I restriction site at amino acid 228 
in the chimeric L6 heavy chain cDNA clone An 
M13mpl9 subclone containing a portion (V H , 
C H 1, C H 2) of the chimeric L6 y gene, 
pING1400, was used as a substrate for site- 
directed mutagenesis with the primer shown. 
Arrows indicate the cysteine residue involved in 
disulfide linkage with light chain (LC) and those 
involved in linkage with heavy chain (HC) man 
intact IgG. (b) Map of plasmid plT106 and a 
schematic view of the relevant Fab operon placed 
under the control of the S. typhimunum araB 
promoter (P««B). The 300-bp pM leader se- 
quence cassette including the 22-ammo acid pelB 
leader and 230 bp of upstream DNA was derived 
from pSS1004 (7). Gene fusions were construct- 
ed with pel* and both Fd and k genes. Emnma 
cantom* DN"A sequences 5' to the -48 position 
were removed bv means of an Nde I restriction 
sue, and the coding sequences for these genes 
were assembled [in the arah expression plasmid 
pIT2 (17)} into a single transcription unit with 7U 
bp separating the two genes. The pectate lyase 
nbosome binding site is located adjacent to each 
gene. In addition, the DNA sequence from -48 
to the />rfB:antibodv gene junction is a direct 
repeat preceding the Fd and k g^cs. The 28-bp transcription unit (Tm). 

^A transcriptional terminator < Ph ™^.^ p ^ Bgl „ ; Be, Bel I; and H, Hind III. The solid 
Restriction endonuc ease sites arc as indicated. 1 ,1 st i, eg, n$ , 
StoLs the approximate location of the ^ leader sequence. 
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Fig 2 SDS-PAGE comparison of bactenally (B) 
and Sp2/0-produced (Sp) Fab to papain-pro- 
duced mouse L6 and chimeric L6* Fab. Mouse 
L6 and chimeric L6 antibodies were digested with 
papain i 18). and Fab was purified by S-Sepharose 
chromatography. Each protein was examined by 
SDS-P\GE on a 10% gel under nonreducing 
conditions (a ) and on a 12% gel under reducing 
conditions (b). 
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Flq 3. Binding inhibition of bacteri- 
al Fab. Bacterial Fab, Sp2/0 Fab, and 
proteolvticallv produced chimeric L6 
Fab (L6*) and mouse L6 Fab were 
used to inhibit FITC-labeled mouse 
L6 antibodv binding to the surface of 
antigen-positive C3347 colon carci- 
noma cells. 
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bodies to protease cleavage will be obviated; 
a consistent, homogeneous preparauon can 
be produced. Of additional interest is the 
■ relative ease with which the Fab cDNA 
C f i eenes can be modified before expression in 
K ° ^ ' bacteria. For example, modifications of the 
USCtul i primary structure of either the Fd or k chain 
I (or both) that are useful for subsequent 
i conjugation of imaging or therapeutic 
1 agents or fusion to other peptides (16) can 
i be introduced bv site-directed mutagenesis 
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techniques. We found that E. coli can prop- 
erly assemble a functional two-protein unit 
with a complex pattern of intra- and inter- 
chain disulfide linkages and that sufficient 
quantities of this material may be prepared 
for eventual use -as a human diagnostic and 

therapeutic reagent . 
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In their widely publicized and popular- 
ized article "Ranking possible carcinogenic 
hazard," Bruce N. Ames et al. (17 Apr. 
1987, p. 271) conclude that "analysis on the 
levels' of synthetic pollutants in drinking 
water and of synthetic pesticide residues in 
foods suggests 'that this pollution is likely to 
" be a minimal carcinogenic hazard relative to 
the background of natural carcinogens" and 
thus that the "high costs of regulation" ot 

■ such environmental carcinogens are unwar- 
r ranted. These conclusions reflect both 

■ flawed science and public policy. 
' Although .Ames et al. challenge the valid- 
ity of animal carcinogenicity data for quanti- 

m tative estimation of human risk, they never- 
\ theless use such extrapolations, based on the 
percentage Human Exposure dose/Rodent 
I Potency dose (HER?)> for ranking carcino- 
genic hazards. Apart from the fact that 
j HERP rankings are based on average popu- 
\ lation exposures excluding sensitive sub- 
■ groups, such as pregnant women, the de- 
prived potencies of .Ames et cd., doses induc- 
ing tumors in half the tumor-free animals, 
are misleading. Potencies for "synthetic pol- 
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lutants," such as trichloroethylene, are de- 
rived from bioassavs in which lowest doses 
are large fractions of the maximally tolerated 
dose (MTD), whereas potencies for more 
extensively studied "natural carcinogens, 
such as anatoxins, are generally derived from 
titrated doses, orders of magnitude below 
the MTD. Since dose-response curves are 
usually flattened near the MTD (i), poten- 
cies derived from high-dose testing yield 
artificially low risk estimates; HERPs for 
-synthetic" carcinogens are thus substantial- 
ly' underestimated compared with many 
"natural carcinogens." 

Compounding this misconception, Ames 
et al. maintain that carcinogenic dose-re- 
sponse curves rise more steeply than linear 
curves and that tumor incidences increase 
more rapidly than proportional to dose. At 
high doses, dose-response curves are usually 
l CS s steep than linear curves (I), as also 
recognized elsewhere by Ames and his col- 
leagues (2). Thus at MTD doses, large fur- 
ther dose Increases may induce only small 
increases in tumor incidence, perhaps re- 
flecting competition between transforma- 



tion and cytotoxicity (3); linear extrapola- 
tions from high-dose tests thus underesti- 
mate low-dose risks. 

For Ames et al., the term "carcinogen 
heterogeneously includes direct and indirect 

0 i- _ ; ^^m.t -inn mrxil- 

influences, including ^rum^.^ -— 
fVing factors and mutagens. Calonc intake is 
considered "the most striking rodent carcin- 
ogen " However, no correlations have been 
established between food intake and tumor 
incidence among animals eating ad libitum 
despite wide variations in caloric intake and 
bodv weight (4), nor have correlations been 
established between obesity and most hu- 
man cancers. In the statement by Ames et 
cd "at the MTD a high percentage ot all 
chemicals might be classified as 'carcino- 
gens' " toxicity and carcinogenicity are con- 
Led However, among some 150 industrial 
chemicals selected as likely carcinogens and 
tested neonatally at MTD levels, fewer than 
10% were carcinogenic (5). Many highly 
toxic chemicals are noncarcinogenjc, and 
carcinogen doses in excess ot the MTD often 
inhibit tumor yields. While Ames et al 
revive the discredited theory that chrome 
miration causes cancer, most irritants are 
noncarcmogenic, and there is no correlation 
between nonspecific cell injury and carcino- 
genic potencv (6). , 

Ames et cd. classify ethanol as carcinogen- 
lc ,'>ne of the two] largest identified causes 
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fusion occurs at one cell membrane. Further, recent studies on 
slucose-mediated insulin release" and the effects of CO : on 
vasopressin-induced water permeation" suggest that cell acidifi- 
cation may be a more widespread stimulus for exocytosis than 
previously thought. 
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The synthesis and in vivo assembly 
of functional antibodies in yeast 
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The yeast Saccharomyces cerevisiae can synthesize, process and 
secrete higher eukaryotic proteins 1 " 5 . We have investigated the 
expression of immunoglobulin chains in yeast and demonstrate 
here (1) the synthesis, processing and secretion of light and heavy 
chains, (2) the glycosylate of heavy chain, (3) the intracellular 
localization of these foreign proteins by immunofluorescence, and 
(4) the detection of functional antibodies in cells co-expressing 
both chains. This may provide the basis of a microbial fermentation 
process for the production of monoclonal antibodies. The co- 
expression of light and heavy chains in Escherichia coli has been 
reported but functional antibodies were not assembled in vivo ' . 
Furthermore, only low-level assembly of these chains was found 
in vitro. 

The immunoglobulin A and ^ complementary DNAs used 
here were isolated from the mouse hybndomas S43 and Bl-8. 
respectively 3,9 . Both hybridomas were raised against the hapten 
4-hvdroxy-3-nitrophenyl acetyl (NP). The A and n cDNAs were 
placed under the control of the yeast 3-phosphoglycerate kinase 
(PGK) promoter, on pMA91 bearing the LEU 2 selectable 
marker 10 (Fig. l),to form pYA for the expression of pre-A, and 
p\> for the expression of pre-fx. For co-expression of A and /x 
on different plasmids in the same cell, another selectable marker 
was needed. pLG89 contains two selectable markers, URA3 and 
hph (ref. 11), therefore the A coding sequence and PGK pro- 
mote: from pYA were excised and inserted into pLG89, to 
produce pLGA. 
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Fig. 1 Plasmids for the expression of immunoglobulin A and p. 
chains in veast. The rlgure shows the » and A inserts of pMA91 
which were used to form p\> and p Ya respectively. Solid bar, 
PGK sequences, the LEU2 and Ap 1 marker genes are cross- 
hatched Sequences derived from synthetic oligodeoxyribonucleo- 
tides are indicated b> horizontal bars An arrow indicates the 
direction of PGK transcription. 

Methods. Ai: DNA manipulations were carried out as described 
elsewhere 22 . For construction of pYA. the Hindlll fragment of 
pATAl-15 (ref 6! bearing the A cDNA was isolated, and cut with 
Fokl; 307-base pa ir (bp) Fokl and 5 12-bp Fokl-HindlU fragments 
were isolated (fragments c and J. respectively). Both 
oligodeoxyribonucleotides 23 : R162 ( 5'GATCAATGGCCTG- 
GATT3') and R163 ( 5'GTG AAATCCAGGCCATT 3') and pCT54 
(ref 24) cut with Bell and Htndtll, to form pCTYA. R162/R163 
recreate the 5' coding sequence, and place a Bell site immediately 
upstream of the initiation ATG. pCTYA was digested with HindUl, 
blunted with S nuciea.se and filM-in with T4 DNA polymerase 
B^ochenTicais-. . the product was ligated with BglM linkers 
(5 AGAGATCTCT 3'), then digested witn Bell and BglU. The 
fragment bearing the AcDNA was isolated and ligated with Bglll- 
cut pMA91, to form pYA The 5' A coding sequence of pYA was 
isolated and shown to be correct by nucleotide sequencing. The A 
coding sequence and PGK promoter were excised from pYA on a 
HindUl fragment, and Heated with Hmdlll-cut pLG89 to form 
pLGA. For construction of pY/x, the + cDNA was excised from 
pCT54^ 2f on a HinMl fragment, blunted (as for pCTYA) and 
ligated with linker R107 (5TTTTGATCAAAA 3') which contains 
an internal Bel] site The ligation product was digested with Bell 
and Accl, and the fragment containing the 3' end of fx coding 
sequence tsolated = b). Onlv the Bell sue created by R107 will cut, 
for internal sites were Jam-methylated pCT54^ was cut with 
Mboll ligated with RI21 (5GATCAATGGGATGGAGCTGT 3') 
and Rl 12 (5'CAGCTCCATCCCATT ?' ' and digested with Accl. 
The ^6-bp Bel I-. Accl fragment (fragment a) generated was iso- 
lated from a 5°o polvacrylamide gel. pMA91 cut with BglU was 
ligated with both a and b, to form p^ n. The proximal end of the 
/gene was isolated and shown to be correct by nucleotide sequenc- 
ing 26 ". Yeast transformations were carried out as described else- 
where 28 . pYA and pYji were individual^ transformed into MD46 
(a! *pep4.3/ pe P 4? \eu2i leu2 arg5.6/ - - I trpl * / radS2 adel / + ; 
his3/-r; Melanie Dobson, personal communication); pYfi and 
pLGA were individually transformed or co-transformed into 
X4003-5B (a leu2 adel his4 mei2 ura3 irpS gall ; Yeast Genetic; . 
Stock Center, Berkeley, California;. Ceils containing pYA or p>> . 
were selected for bv growth in the absence of L-leucme, and pLGA^ 

cells selected for by growth in the absence of uracil. i ^ 

Cell extracts were subiected to Western blot analysis, using ^ 
amisera to A or ~ proteins. MD46 ce:is containing pYA were^ 
found to contain an immunoreactive protein (Fig. 2a, lane ^ 
that co-mierates with authentic Bl-8 A (Fig. 2a, lane \ • anO| 
with the mature A protein synthesized by £. coli cells containing^ 

89s. 
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Fig. 2 Analyses of A and ^ proteins in yeast cell extracts. Cells 
were grown in YMM {2% (w/v) glucose, 6.67% (w/v) Difco yeast 
nitrogen base without amino acids) to A 660 = 1.0, at 30 °C with 
shaking, then collected by centrifugation. Cell pellets were dis- 
rupted by vortexing with glass beads (40 mesh, BDH) in 50 mM 
Tris-HCl* pH 7.6, 1 mM EDTA, and diluted in sample buffer to 
1.5% (w/v) SDS, 2.5% (v/v) jS-mercaptoeihanol, 5% (v/v) gly- 
cerol. Samples were subjected to SDS-polyacrylamide gel elec- 
trophoresis 29 and transferred to 0.45-u.m nitrocellulose and 
Western-blotted 30,31 with either rabbit anti-mouse A antibody 
(Miles) or rabbit anti-mouse IgM (Bionetics), and challenged with 
affinity-purified iodinated protein A (2/uCimr'; Amcrsham). 
Migration of yeast A and p. was compared with that of Bl-8 protein 

t ~C 1 „ omfhfcri'K.H in f ml! 6 Q 1 .fln« 1-4. 

samples blotted with anti-A antibody: lane 1, Bl-8; lane 2, bacterial 
A; lane 3, pYA/MD46 cell extract; lane 4, MD46 cell extract. 
Lanes 5-7, samples blotted with anti-lgM; lane 5, bacterial p. ; lane 
6, pY^t/MD46 cell extract; lane 7, MD46 cell extract. Arrowheads 
indicate the positions of markers (Pharmacia): phosphorylase b, 
94 K; bovine serum albumin, 67 K; ovalbumin, 43 K; carbonic 
anhydrase, 30 K.; soybean trypsin inhibitor, 20.1 K. For secretion 
studies, ceils were also grown in YPED (1% (w/v) Difco Bacto 
yeast extract, 2% (w/v) Difco Bacto peptone, 2% (w/v) glucose) 
and all cultures were buffered with potassium phosphate /?H7.0. 
In these conditions, we were able to detect the ADH activity in 
extracts from <0.005 A 660 units of cells, which would represent 
lysis of <0.5% of a culture at A 660 = 1.0. At such concentrations, 
ADH activity remained stable for up to 3 h at 30 °C Medium 
supernatants were assayed for ADH by mixing in a cuvette 1 ml 
of supernatant with 0.3 ml of 500 mM potassium phosphate pH 
7.0, 100 uJ 30 mM NAD (reduced form; Sigma), 0.3 ml 30 mM 
acctaldehyde (BDH) and 1.3 ml double-distilled water. The 
decrease in A y4(i was measured with a Gilford spectrophotometer 
at 30 °C. 6, Demonstration of fi glycosylation in yeast. Duplicate 
50-ml YMM cultures of MD46 containing pY/i were grown in 
250-mi baffled flasks, with shaking at 30 °C to A W)0 = 1.0 then split 
into duplicate 20-ml cultures. To one culture, designated ' + we 
added tunicamycin i:,3; to a concentration of 15 ng ml in 30 u.1 
of dimethyl sulphoxide (DMSO), and to the other culture, desig- 
nated *-\ we added 30 u.1 of DMSO alone. Cultures were left 
shaking at 30 °C, and samples taken at various times from both 
cultures. Ceil extracts were prepared and Western-blotted with 
rabbit anti-mouse IgM and iodinated protein A. Alternating ^ 
and - tunicamycin samples are shown and the times of sampling 
given above the lanes in min. The 0-min sampie was taken immedi- 
ately before DMSO addition. Cells harbouring pYA were treated 
similarly, and no difference was found between cultures with or 
without tunicamycin. when Western-blotted with anti-A antiserum 
(data not shown '. This result was expected as A is a non-glycosy- 
lated protein in mammalian cells. 



Fig. 3 Intracellular localization of \ and /x protein. The figure 
shows MD46 cells either untransformed (c, d), or transformed 
with pYtt (a) or pYMA (b)\ a and c were incubated with fluore- 
scetn-conjugated anti-tt; b and d with rhodamine-conjugated 
anti-A. >:700. 

Methods. Cells were grown in minimal media and converted to 
spheroptasts with zymolyase 20,000 (50 ^g per A 660 unit in 0.5 ml; 
Miles), in 1.2 M sorbitol, 50 mM potassium phosphate pH 7.0, 
15 mM /3-mercaptoethanol, 10 mM EDTA, at 30 °C for 30 min. 
Spheroplasts were washed in 1 .2 M sorbitol, and deposited on glass 
microscope slides using a cytocentrifuge, then fixed in 5% (v/v) 
acetic acid/95% (v/v) ethanol, at -20 °C overnight. Slides were 
rehydrated and washed thoroughly in phosphate-buffered saline 
(PBS), before being stained with 0.1 mgrnl"' of fluorescein 
isothiocyanate-labelled affinity-purified goat anti-mouse IgM or 
tetramethyirhodamine isothiocyanate-labelled affinity- purified 
goat anti-mouse A (both from Southern Biotechnology Associates, 
Alabama). Slides were washed in PBS, and mounted in glycerol 
containing l,4-diazabicylo(2.2.2)octane, before examination by 
ultraviolet microscopy. 

a gene for mature A (ref. 6) (Fig. 2a, lane 2). MD46 cells 
containing pY/x were found to contain three immunoreactive 
species (Fig. 2a, lane 6). The predominant yeast ^-immunoreac- 
tive band had a relative molecular mass (M T ) of -63,500 (63.5 K) 
consistent with it being mature, non-glycosylated /x, and co- 
migrated with the mature tt synthesized by £. col\ cells contain- 
ing" a gene for mature li (ref. 6 J (Fig. la, lane 5). In addition, 
two diffuse bands of greater relative molecular mass were found 
in MD46 cells containing pY/x (Fig. 2a, lane 6). The mature, 
glycosylated ll of Bl-8 has a M r -70 K (not shown). 

We conclude that the A immunoreactive species is mature A, 
and the -63 5 K \x species is mature, non-glycosylated ll. On 
the basis of relative molecular mass, the signal sequences of 
both proteins have probably been cleaved. The higher- A/ r ll 
bands were shown by two criteria to be glycosylated ll. First, 
the higher M r ll was lost from cells treated with tunicamycin, 
an inhibitor of jY-linked glycosylation 12 . In cultures without 
tunicamycin, the amount of higher- M r /x increased during the 
time course examined, up to 235-min sample, after which the 
culture reached stationary phase, and the level of ll decreased 
(Fig. 2b). In cultures containing tunicamycin, the 63.5 PC u 
species accumulated with this species alone being found alter 
80 min of tunicamycin treatment. In addition, the higher- M r 
form of li was reduced in size to that of mature, non-giycosyiated 
Ijl from £ cod, when treated with trifluoromethane sulphonic 
acid, which removes ,V-linked glycosyl groups with high 
efficiency 13 (data not shown*. We conclude that a significant 
proportion of yeast ll is \-giycosylated. However, the yeast 
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and mammalian m will probably differ in carbohydrate composi- 
tion, especially if the yeast M has outer-chain ohgosac- 

charides 1 J * : 5 

C Medium supernatants from cultures of MD46 cells trans- 
formed w,th either pYA or pY M were found to contain 
immunoreacve A or . P rote,n, respective!) Th.s was show 
to be aenumelv secreted material, rather tnan arising from cell 
Wsis bv demonstrating the absence of a cytoplasmic enzyme, 
alcohol'dehydrogenase (ADH), from the W« na ™*$ e 
•> legend). In yeast minimal medium (VMM:, up to 10.. 0 
Ind C 5% of m in MD4 0 cultures at A tto ~\.0 was found in the 
medium supernatant, as detected by enzyme-linked immunosor- 
bent assay lELISA) :: . In YPED medium .'Fig- 2 legend, up to 
40% of A and 15% of M was found in this fraction Transformed 
X4003-5B cells generally yielded higher levels of secreted 
material. The immunoreactive A material from the median, 
supernatants of cultures containing pY A was shown, by Western 
blottine, to co-migrate with .ntracellular A .data not shown). 
The secreted n has not yet been examined. 
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Fie 4 Analysis of functional antibodies in yeast. Transformed 
X4003-<B cells were grown in 100-ml volumes of YMM, supple- 
mented *ith 50mgr : of L-tryptophan, L-histidine and L- 
methionme, and 30m g r' of adenine sulphate in 500-mi flasks. 
Strains not containing pLGA were supplemented with 30 mg I 
uracil and those not containing P Ym with 50mgl l- cucme. 
Cells Vere collected by centrifugation, then washed and resus- 
pended in 25 mM Tr.s-HCl pH 8.0, 1 mM EDTA 5% (v/v) gly- 
cerol 0 1% (v/v) Nonidet-P40, 1 mM phenylmethylsul- 
phonylfluonde (extraction buffer), before being lysed by glass bead 
disruption. -Insoluble- matenal was pelleted in a rmcrofuge for 
1 2 mm at 4 *C, and the 'soluble' supernatant fraction removed. Hie 
soluble fraction was analysed in a two-site sandwich ELISA (M" 
assav) which detects u -chain binding to haptenyla:ed bovine serum 
albumin ( NIP-caproate-BSA) 6 ; this assay U sensitive to 60 pg or 
Bl-8 IgM a, Specific hapten binding was examined in the .w 
assav of the soluble fraction of pLGA - p Y/i-transformea cells (•, 
Q) pY.-traasformed cells (A; and B:-: in the aOsence 

t solid svmbols) and presence topen symr-ois) of y0 iree W- 
caproate. b, The heterociitic nature of yeast antibody activity 
in soluble fractions from pLGA — pYjx-transformed cells and Bl-8 
■ was examined by companng binding m the presence ot tree 
MP-caproate ^ ) and NP-caproate [ — >. 



The intracellular locations of A and./x proteins in yeast were 
examined bv stainme fixed veast spheropiasts with fluorescein 
or rhodamine-conjugated amisera. We stained both MD46 and 
X4003-5B strains, harbouring pYfx, pYA, P LGa or pY\U. 
pYMA is a pMA91 derivative encoding the mature A protein, 
that is Met-mature A, not inclining the signal sequence. Cells 
containing P Y,x (Fig. 3a), pYMA (Fig. 3h) pYA ^ or pLGA 
showed a discrete immunofluorescence localized in bodies that 
appeared on the basis of their morphology to be vacuoles ; . 
Cells containing pYMA showed a much greater accumulation 
of stain than those containing pYA ; this may be explained by 
the observation that the intracellular concentration of mature a 
from pYMA is up to fourfold greater than that of pre-A from 
pYA in MD46, bv EL1SA. Further experiments are required to 
identify unequivocally the sites of accumulation of immunoreac- 
tive A and proteins. If these foreign proteins are being localized 
in the vacuole, thev could be transported there by the secretory 
pathway 18 19 however, the detection of mature A from pYMA 
in the same structures calls this into question-the cell^may be 
directing these proteins to the vacuole for degradation . 

Soluble extracts of X4003-5B cells transformed with one or 
both of pY M and pLGA were prepared and analysed by an 
EL1SA that detects binding of Bl-8 to solid-phase^hapten, m 
the presence and absence of competing free hapten (Fig. 4a ), 
no specific binding was detected for extracts of cells transformed 
with either pLGA or pYV However, extracts of cells transformed 
with both plasmids, and expressing both light and heavy chains, 
showed a strong, specific signal similar to that of the hybndoma 
Bl-8 protein. All detectable solid-phase hapten binding was 
lost in the presence of 30 u.M free hapten. Bl-8 is a heterociitic 
antibody, and shows greater affinity for the related hapten 
4-hvdroxv-5-iodo-3-nitrophenyl acetyl (NIP), than for the hap- 
ten'NP 21 " The yeast antibody activity also showed that higher 
free NP than free NIP concentrations were required to inhibit 
binding of antibody to solid-phase NIP (Fig. 46). In addition, 
the activities of the yeast antibody and B1-S i showed similar 
specificity ratios (ratio of concentration of NP to NIP at 50 /o 
inhibition) of 37 and 47, respectively. The amount of /x protein 
in the soluble extract of cells containing pLGA and pY^ was 
dimmed by ELISA, and using Bl-8 as a standard, the specific 
activity of the yeast antibody was found to be -0.V/o bU2>A 
showed that at A 660 =KO, there was -500 ng of Bl-8 A 
equivalent, and 15 ng of Bl-8 M equivalent per ml. No significant 
amounts of NIP binding activity have been found in concen- 
trated culture media (data not shown). 

On the basis of the specific activity of the soluble-fraction 
veast antibodies, the efficiency of assembly of functional anti- 
bodies is low, although the antibodies show both specific hapten 
binding and heteroclkicity. It will be interesting to characterize 
further the veast antibodies in the soluble fraction and to deter- 
mine whether or not most of the immunoglobulin protein i from 
the insoluble fraction <~75% of total) is also assembled into 
functional antibodies. 

We thank Drs A. Bothwell and D. Baltimore for supplying 
plasmids pABAl-15 and pAB/i-ll: Drs M. Neuberger and T. 
imamshi-Ln for gifts of Bl-8 protein; Dr J. E. Davies for the 
provision of P LG89; and Drs M. Dobson, A. J ^™ ' ™J 
S M Kingsman (Oxford) for pMA91 and MD46. We thank 
our many colleagues in Celltech and Oxford, for advice and 
discussions. 
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Functional modifications of cytotoxic 
T-lymphocyte T200 glycoprotein 
recognized by monoclonal antibodies 
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Plasma membrane glycoproteins of cytotoxic T lymphocytes 
(CTLs) are involved in the binding to and subsequent destruction 
of appropriate target cells 1-3 . The electrophoretic profile of surface 
: proteins of mature CTLs, particularly those of high relative 
molecular mass (/Vf r ), is markedly different from that of naive 
peripheral T cells or non-cytolytic T cells 4 " 7 , suggesting the poss- 
ible involvement of these moiecuies in the activation of CTLs 
and/or in the lytic process itself. By generating monoclonal anti- 
bodies to cell-surface proteins of CTL clones, we have now detected 
CTL^specific modifications in one of these high-.Vf r membrane 
I proteins, T200. Although forms of T200 are found on a wide variety 
of cell types, the neoantigenic determinants recognized by our 
) antibodies are present exclusively on activated T cells and in high 
j concentrations only on CTLs. Furthermore, the expression of the 
} modifications recognized by our antibodies is influenced by soluble 
factors and also seems to have functional significance, as mono- 
: clonal antibodies specific for these novel epitopes block cytolytic 
activity. 

'j Monoclonal antibodies with specificity for CTL surface rec- 
~>~£ ognition structures were produced by immunizing BALB.B mice 
v ;| repeatedly (intraperitoneal^! with a C57BL/6-derived CTL 
clone, B3.3, which is specific for a BALB minor histocompatibil- 
'! ity antigen in association with H-2K b . Spleen cells of immune 
mice were fused to a myeloma partner, P3-X63 Ag8.653, and 
\| the resulting hybridoma supernatants were screened for the 
C$ ability to block specific target lysis by B3.3. Figure la depicts 
£*j the blocking activity of two of these monoclonal antibodies, 
v?| CT1 and CT2, on clone B3.3 in conditions of saturating antibody. 

CT1 and CT2 (which are both IgM antibodies) efficiently block 
;;J specific killing of BALB.B target cells by clone B3.3, CT2 being 
■r^ the more efficient of the two antibodies. In this regard, CT2 was 
as efficient as the anti-Lyt-2 monoclonal antibody, 53.6.72. Anti- 
body 13/2.3, which is specific for the T200 molecule 8 , did not 
gnificantly affect specific lysis by this CTL clone. 
To determine whether CT1 and CT2 were able to block 
CTL-mediated killing in conditions not requiring antigen- 
specific recognition on the par. of the CTLs, we tested their 
ability to inhibit iectin-dependent ceil-mediated cytotoxicity 
'LDCCj. Both antibodies were hiehlv efficient as inhibitors of 
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Fig. 1 Inhibition b\ CT antibodies of cytoiysis mediated by cloned 
CTLs and MLC-denved CTLs. Serial dilution', of effector cells 
were incubated in 9o-wel! round-bottomed rmcrotitre piates for 
30 min at 4 °C with saturating levels of CTl ( 2-i. CT2 ( ■ ), 13/2.3 
(A, anti-T200, kindly provided by Dr lan Trowbridge, Salk 
Institute), 53. ft ^2 (■, anti-Lyt-2), or medium (•< Effector cells 
were: a, b, CTL clone 83 3 :n C57BL/6 clone derived b> limiting 
dilution and specific for a BALB minor histocompatibility antigen 
in association with H-2K/L c, C57BL/6 spleen celis stimulated 
for 5 days with irradiated DBA/2 spleen ce: Is ■' < !('*' cells of each 
per we!! in pljtet 1 :r RPM! 1640 ,'j!!*j:e rrr'Ji-jrr- supple- 

mented with fetdi calf serum; d, MLC ll*1:v derned d\. in c but 
restimulated ( • 10' responders and 5 >: I ('/' stimuiators per well) 
every 7 days for 4 weeks in medium containing V J 0 rat Con A 
supernatant (RCSi ' ' Cr-lj belled target cells i 1 ■ I0"i were as 
follows: a, 3-da> BALB B Con A blasts, b, PS ) 5 H - 2 C masto- 
cytoma cells with the addition of 10 ^.g mi" PH A; c. d, PS 15 celis. 
After the addition of target cells, the plates were centnfuged for 
3 min at 800 r.p.m to initiate cell contact and incubated at 37 °C 
for 2 h. Per cent specific l>sis was calculated as lOu ■ [(c.p.m. 
released with electors ; - i c p m. released alone L.p.m released 
by detergent) - i c.p m released alone)]. Spontaneous release of 
P815 target ceils v\a^ f.\ and that of BALB B Con A busts 18%. 
No significant lysis was observed of C57BL/^ Con A blasts (a), 
of P8 15 cells without the addition of PHA ( b or of E L4 cells (c, d). 

phytohaemaggluimir. f PHA '-dependent killing of PS ! 5 tumour 
ceils by clone B3.3 : Fig i b ). CTl was comparable with anti-Lyt- 
2 in blocking LL^CC, while the anti-T200 antibody did not inhibit 
lysis (Fig. 16) > Note thai CTl and CT2 do not bind to the 
target cells used in these assays; see below.; We also found that 
five out of five independently isolated CTL clones of various 
target specificities were blocked by both antibodies. Thus, it was 
apparent that CT] and CT2 were not clone-specific or anti- 
idiotype in their reactivity. More surprising results were 
obtained when we examined their effect on heterogenous popu- 
lations of CTLs generated in mixed lymphocyte culture 'MLC). 
When the effects of these antibodies on the iytic ability of a 
primary MLC were tested : Fig. lc), only minima: inhibition of 
specific lysis was obsened using CTl, CT2 or the control anti- 
body 13/2.3 -'ani;-T200 . while 53.6.72 (anti-L\i-2i significantly 
inhibited lysis. H--wever, q-::e surprisingly. ;r. inmbnon assays 
using as efre;t.:-r CTLs fr-'^r. a long-term MLC, CT, and CT2 
produced a significant decrease in specific lysis ;'Fig \dj. This 
MLC fand other., similar! v blocked bv CTl and CT2i were 
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one another can fall into rhythms on the basis of effects of these sorts, 
without special coordinating devices. With cilia this could account for the fact 
that experimental changes in the viscosity (resistance to flow) of the medium 
in which ciliates are placed can markedly alter the pattern of ciliary waves. 
Hydrodynamic interactions could also explain findings made on the flagellate 
Myxotricia, which possesses, in addition to its flagella, a symbiotic population 
of spirochetes (Section 3.2.4) associated with its surface: Despite the ab- 
sence of an obvious coordinating device such as a common plasma membrane 
or interconnected basal structure, these spirochetes, whose intrinsic mo- 
tion is somewhat akin to that of a flagellum, beat in waves. It even appears 
that motion of the attached spirochetes can produce motion of the protozoan 
itself. 

3.3.5 Endosymbionts 

Many protozoa maintain long-term or permanent symbiotic relationships with 
other cells. Myxotricia with its spirochetes was just mentioned. Particularly in- 
teresting from the viewpoint of cellular evolution are the endosymbiotic rela- 
tionships in which one cell lives inside another. Entry most often is by endo- 
cytic mechanisms; the entrant is presumably protected by mechanisms such as 
the ones discussed in Section 2.8.2. Both blue-green algae and eucaryotic al- 
gae have been found thriving inside species of protozoa, apparently "contrib- 
uting" photosynthetic products and 0 2 to the host and "receiving" the respi- 
ratory product C0 2 for use in photosynthesis, among other benefits. Bacteria 
also live inside protozoa: In one classic example, bacteria were originally de- 
tected in Paramecium through findings that some Paramecium strains could 
release particles capable of killing other strains. The particles turned out to be 
small bacteria normally harbored in vacuoles within the "killer" strains. An- 
other case is the ameba Pelomyxa, in which no recognizable mitochondria are 
present but in which there are populations of endosymbiotic bacteria perhaps 
capable of providing the ameba with respiratory capacities. 

As with other symbioses, the relative balances of benefits between the 
partners vary considerably, and the situation can approach parasitism. In many 
cases, one or the other partner can survive without the symbiotic association. 
However, a majority of students of cellular evolution believe that certain en- 
dosymbiotic relationships have evolved into virtually absolute interdependen- 
ces and that of these, some ancient ones account for the origin of intracellular 
organelles, especially chloroplasts and mitochondria. This belief will be pursued 
further in Section 4.5.2. 



Chapter 3.4 Eucaryotic Plant Cells 



Until recently, discussions of eucaryotic plant cells were frequently introduced 
with explanations about the slow progress of plant cell biology. Plants do pose 
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imentally removed and macromolecular tracers are introduced, some plant 
cells seem able to tr ke up the tracers. At the very least this might reflect cell 
surface turnover phenomena of the sorts discussed in Sections 2.1.6 and 2.8.4. 
Lectins capable of recognizing and binding specific carbohydrate configurations 
(Section 2.1.7) also are present at plant cell surfaces. 

Nitrogen Fixation Another kind of evidence for endocytosis-like capacities, 
and perhaps for cell surface recognition systems that cooperate with intracel- 
lular receptors, comes from the responses of plant cells to invasive organisms — 
pathogens, parasites, and symbionts. For instance, the root nodules found on 
major crop plants like peas and beans are sites of interactions between Gram- 
negative bacteria of the genus Rhizobium and the plants' root cells. Through 
growth of infective threadlike structures that penetrate the roots, enzymatic ac- 
tivities and production of hormone-like signaling molecules by the plant host 
and by the invading bacteria, a sequence of events is orchestrated whereby 
the bacteria come eventually to reside in the host cell cytoplasm. They live 
there within cell surface invaginations and membrane-bounded vacuoles. 
Among other processes, the bacterial entry requires localized dismantling of the 
plant cell wall and induces a pattern of growth and division of the host cells 
that generates the characteristic lumplike, bacteria-containing nodules in the 
roots. Only certain species of host plants and specific strains of Rhizobium can 
establish the relationships described; this specificity argues for recognition de- 
vices, some of which may reside in the cells' walls or membranes. (Host cell 
lectins [Section 2.1.7) recognizing bacterial cell surface polysaccharides are un- 
der suspicion.) 

Once inside, the Rhizobium cells ("bacteriods") use carbohydrates de- 
rived from the host plant's metabolism to support the energy production re- 
quired for the fixation of atmospheric nitrogen. The plant is provided with a 
much richer nitrogen supply than that available from the nitrates and other soil 
sources. (This, of course, is also the basis for crop rotation in which" soybeans, 
peas, or other legumes are planted periodically to re-enrich the soil with usable 
nitrogen.) The host cell apparently aids in maintaining an environment con- 
ducive to the functioning of the bacteriods it contains: A protein related to 
hemoglobin [leghemoglobin] is synthesized by the host. Along with the walls 
of the cells in the nodules, this substance limits and controls the amount of free 
oxygen that reaches the bacteria, permitting adequate amounts to support bac- 
terial metabolism without inactivating nitrogen fixation (Chap. 3.2B). The de- 
rivatives of the host cells' plasma membranes, which surround the spaces in 
which the Rhizobium cells live, probably participate actively in the exchanges 
between host and bacterium. 

In addition to the symbiosis-like relations just outlined, which apply only 
to certain plants, the nitrogen metabolism of plants in general involves other 
specialized features. For example, nitrates absorbed from the soil are first re- 
duced to nitrites by a cytoplasmic (cytosolic?) enzyme system (nitrate reduc- 
tase). The nitrites are then converted to ammonia and its derivatives by nitrite 
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reductases and other systems in the chloroptasts that use the photosynthetic 
apparatus as the source of reducing capacities. Peroxisomal uric acid oxidase 
(Section 2.9.2) may also take part in the metabolic conversions by which nitro- 
gen is made available for amino acid synthesis and other pathways. 

Chapter 3.4A Algae 



Algae are plants— some unicellular (such as Chlamydomonas; Figs. 11-59 and 
11-61), others multicellular (some such as the giant kelps are quite large). They 
are classified partly on the basis of their color, which is determined largely by 
the nature of the pigments present in addition to the chlorophyll. For example 
in red algae a major additional pigment is similar to the red pigment of blue' 
green algae (Chap. 3.2C). 

As Figure 111-17 indicates, the chloroplast membranes of algae are usu- 
ally less elaborately developed than in higher plants (see also Fig. 11-59). The 
plastids are membrane-bounded, and the internal sacs or thylakoids are ar- 
ranged as long parallel sheets, with several adjacent thylakoids often associat- 
ing more or less closely for substantial distances. (See Section 2.7.1. These 
groups are sometimes called 'lamellae.") Most algae lack the stacked-coin-like 
grana characteristic of higher plants (see Figs. 11-59 and 11-60). The plastids 
contain ribosomes and fibrils of DNA. A pyrenoid, where starch is stored and 
probably synthesized, and a pyrenoid sac, which also stores polysaccharides 
are part of the plastid. 

The mitochondria may be like those in Figure 111-17, or the cristae may 
be tubular as in many protozoa. The ER is relatively scanty; as usual, it is 
continuous with the nuclear envelope. The Golgi apparatus often lies near the 
nucleus in algae, and it seems likely that membrane from the nuclear envelope 
feeds into the outer surface of the Golgi stack through vesicles, as portrayed in 
the diagram. Lysosomes and peroxisomes have not been isolated from algae, 
but both orqanelles have been reDorted hi; 

- i — ~j »w.. ....vi^vpuu. i luLupnayiL 

vacuoles have been seen to increase in number in starved Eugiena, the chlo- 
roplast-containing protist closely related to algae. In Eugiena, too. the number 
of peroxisomes has been shown to increase greatly when the algae are shifted 
from a glucose medium to one with acetate or alcohol suggesting to the in- 
vestigators that the peroxisomes may function in lipid and carbohydrate metab- 
olism as they do in seeds (Section 2.9.2). In contrast to most higher plant cells, 
paired centrioles are present in many algae. 

Many algae have prominent cell walls based on cellulose, as in higher 
plants, but some do not. The wall surrounding Chhmydomonas, for example, 
is rich in glycoproteins and lacks cellulose; it more resembles an animal cell's 
coat than a typical wall of a higher plant. In certain algae the cell walls show 
specialized plaquelike scales. Small vacuoles, derived from the Golgi appa- 
ratus, transport the scales and other material to the forming cell walls. In dia- 
toms, the walls are made largely of silica. 
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The biological properties of four chemically synthe- 
sized signal peptides were compared in mammalian 
(rabbit reticulocyte) and plant (wheat germ) cell-free 
protein secretion systems. The precursor-specific re- 
gion of bovine pre-proparathyroid hormone (prepro- 
PTH), [D-Tyr-(+l)]preproPTH-(-29-+l)amide, and a 
sulfur-free analog, [Nle-(-25), Nle-(-21), Nle-(-18), 
Ala-(-14), D-Tyr-(+l)]preproPTH-(-29-+l)amide, 
inhibit the processing of an unrelated precursor pro- 
tein (pre-proiactin) to its mature secreted form (pro- 
lactin) in the mammalian system. In the plant system 
supplemented with signal recognition particle, the sig- 
nal peptides arrest translation of both secretory (pre- 
prolactin) and cytoplasmic (globin) proteins. One ana- 
log, [Nle-(-25), Nle-<-21), Asp-(-18), Ala-(-14), D- 
Tyr-(+l)]preproPTH-(-29-+l)amide, inhibits pre- 
protein processing in the mammalian system but fails 
to induce translation arrest in the plant system. A 
truncated peptide, [N a -AcLeu-(-17), Ala-(-14), D- 
Tyr-(+l)]preproPTH-(-17-+l)amide, lacking the N- 
erminal (positively charged) region and a portion of 
the hydrophobic core region, is inactive in both sys- 
tems. These studies demonstrate that the chemically 
synthesized signal region of a precursor protein inter- 
acts directly with signal recognition particle and func- 
tionally mimics the proposed properties of a native 
signal sequence linked to a nascent protein as it 
emerges from the ribosome during biosynthesis, and 
an analog of the signal peptide reveals fundamental 
differences between the components involved in the 
protein secretion apparatus in mammals and plants. 



A number of secretory preproteins, lysosomal proteins, and 
integral plasma membrane proteins have been shown to in- 
teract with the signal recognition particle (SRP) 1 in order to 
be correctly translocated across the rough endoplasmic retic- 

* The costs of publication of this article were defrayed in part by 
the payment of page charges. This article must therefore be hereby 
marked "advertisement" in accordance with 18 U.S.C. Section 1734 
soleiy to indicate this fact. 

+ To whom reprint requests should be addressed. 

l The abbreviations used are: SRP, signal recognition particle; 
RER, rough endoplasmic reticulum; RM, canine pancreatic rough 
microsomal membranes; K-RM, salt-washed RM; pre-Prl, preprolac- 
tin; Prl, prolactin; PTH, parathyroid hormone; native-sequence pep- 
tide, [D-Tyr-( + l)]preproPTH-(-29-+l)amide; sulfur-free peptide, 
[Nle-(-25), Nle-(-21), Nle-(-lS), Ala-(-14), D-Tyr-( + l)]prepro- 
PTH-(-29-+l); truncated peptide, [N' J -AcLeu-(-17), Ala-(-14), D- 

yr-( + l)]preproPTH-(-l7-+l)amide; Asp-substituted peptide, 
L Nle-(-25), Nle-(-21), Asp-(-lS), Ala-(-14), D-Tyr-( + l)] 
preproPTH-(-29-+l)amide; Nle, norleucine; SDS-PAGE, sodium 
dodecyl sulfate polyacrylamide gel electrophoresis; preproPTH, pre- 
proparathyroid hormone. 



ular (RER) membrane (1, 2). SRP has been postulated to 
possess at least three discrete activities critically related to 
the physiological secretion of proteins by cells. First, SRP is 
thought to bind the signal sequence of nascent proteins as it 
emerges from the ribosome (3, 4). Second, this interaction of 
a signal sequence with SRP leads to the formation of an SRP- 
ribosome complex which specifically inhibits further transla- 
tion of precursor protein (5). Third, SRP is recognized by an 
SRP receptor (6-8) or docking protein (9) in the RER mem- 
brane. This latter interaction presumably initiates and orients 
the attachment of the ribosomes to the RER membrane, 
establishing the required spatial arrangement for protein co- 
translational translocation across the membrane and revers- 
ing the translational arrest which was in effect (5-9). 

The phenomenon of SRP-mediated translation arrest has 
so far only been detected in vitro in a heterologous system 
employing plant (wheat germ) ribosomes and mammalian 
(canine) SRP. In homologous mammalian systems, such as 
the rabbit reticulocyte lysate or HeLa cell-free systems, no 
such SRP arrest of protein elongation has been observed (10). 
However, SRP appears to be endogenous to mammalian ly- 
sates and causes translational arrest of precursor proteins 
when added to the wheat germ system (9). Therefore, it is 
unclear what role SRP plays in the translation of secretory 
proteins in the mammalian system. Although the SRP-medi- 
ated translation arrest is not required for protein transloca- 
tion across the RER in vitro (11), it has been suggested that 
it occurs physiologically, thus preventing completion of bio- 
synthesis of secretory proteins in the cytoplasm (2). 

In order to study the biological properties of the signal 
region of a precursor protein and its interactions with com- 
ponents of the mammalian and plant cellular secretory ap- 
paratus, we chemically synthesized the precursor-specific re- 
gion of bovine pre-proparathyroid hormone, [D-Tyr-(+D] 
preproPTH-(-29-+l)amide, and three analogs of this se- 
quence (Table I). 

In the reticulocyte lysate, the native-sequence signal pep- 
tide was previously demonstrated to competitively inhibit the 
translocation and processing of bovine pre-proparathyroid 
hormone, bovine pre-prolactin, and human pre-piacental lac- 
togen (12). The finding that a synthetic signal peptide of one 
protein could inhibit the translocation and processing of 
unrelated precursor proteins, derived from differing organs 
and species (i.e. that it competes for recognition of a compo- 
nents) of the eukaryotic secretory apparatus), indicated that 
the synthetic signal peptide shares common conformational 
features and functionality with other native signal sequences. 
Others also reported a similar observation using a consensus 
signal peptide in the same assay system (13). However, it 
remains to be determined at what level and with what specific 
component(s) of the secretory apparatus the synthetic signal 
peptide exerts its effect. The synthetic signal peptides could 
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Fig 1 Synthetic signal peptide of bovine pre-proparathy- 
roid hormone inhibits processing of pre-prolactin in the rabbit 
reticulocyte lysate. Cell-free translation of bovine pituitary mRNA 
(1 5 jzg/ml) in rabbit reticulocyte lysate was carried out as described 
under "Experimental Procedures." Total translation products were 
separated on SDS-PAGE and visualized by autoradiography. Arrows 
indicate the positions of pre-prolactin (pre-Prl) and prolactin (Prl). 
The presence (+) or absence (-) of various components added to the 
reaction mixture is indicated above each lane. A, biosynthesis of pre- 
Prl was in the absence (lane 1) or presence (lane 2) of 3 M M sulfur- 
free signal peptide (SP). In the presence of RM (0.3 A 2S0 units/ml) 
processing of pre-Prl to Prl was examined without (lane 3) and with 
n -me 4) 3 mM of sulfur-free peptide. Positions of globin (Glo) and a 
^er molecular weight protein (*), which bound [ 35 S]methionine 
w specifically, are also marked. B, translation and processing of pre- 
. n were as described in A, except that 10 mm truncated signal peptide 
was added in lanes 2 and 4. 

was demonstrated to be signal peptide-speciflc, since the 
truncated peptide, which lacks the N -terminal positive charge 
and a portion of the hydrophobic region, failed to inhibit 
processing of pre-Prl to Prl at a concentration as high as 10 
fiM (Fi* IB, lanes 1-4). Other unrelated peptides, such as 
glucagon and fragments of PTH (bPTH-(l-34) and hPTH- 
(28-54)) also failed to inhibit processing of pre-Prl to Prl 
(data not shown). 

In contrast to the reticulocyte system, the native-sequence 
and the sulfur-free peptides did not inhibit processing of 
precursor protein to its mature form in the wheat germ 
translation system supplemented with identical RM. As 
shown in Fig. 2.4, 9 of native-sequence signal peptide did 
not cause an accumulation of pre-Prl ilane 41 

Synthetic Signal Peptides Cause an Irreversible SRP-de- 
pendent Translation Arrest— Purified SRP was assayed in the 
wheat germ translation system in the presence or absence of 
synthetic signal peptides. In the absence of signal peptides, 
SRP caused a specific translational arrest of pre-Prl, a secre- 
tory protein, but had no effect on the biosynthesis of globin, 
a nonsecretory protein (Fig. 2A, lane 5; Fig. 2B, lane 2). Since 
canine SRP was added in the translation mixture in a non- 
synchronized fashion, it did not completely inhibit the bio- 
svnthesis of pre-Prl in this experiment. However, this trans- 
'on arrest was reversed when K-RM were added back to 

lysate (Fig. 2.4, lane 7). 
When either 9 mm of the native-sequence peptide (Fig. 2A, 
lane 6) or 6.7 mm of the sulfur-free peptide (Fig. 2B, lane 3) 
was added to the wheat germ in the presence of SRP, synthesis 
of both pre-Prl and globin was completely inhibited. As de- 
scribed under "Experimental Procedures," we have found that 
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FlG. 2. Synthetic signal peptide inhibits translation of glo- 
bin in the presence of signal recognition particle in the wheat 
germ lysate. Bovine pituitary mRNA (15 /ig/ml) and globin mRNA 
(0 6 tig/m\) were translated in the wheat germ lysate, as described 
under "Experimental Procedures." Unless otherwise stated, signal 
peptide and SRP (9.5 ng/m\) were added to the translation mixture 
on ice, and incubated for 5 min. RM (0.5 Am unit/ml) or K-RM (0.5 
A m unit/ml) then were added. Protein synthesis was initiated by 
addition of mRNAs and incubated at 25 'C. Arrows indicate the 
following translation products: pre-Prl, Prl, pre-growth hormone (pre- 
GH), growth hormone (GH), and globin (Glo). The presence (+) or 
absence (-) of signal peptide (SP), SRP, and K-RM are indicated 
above each lane. A, native-sequence signal peptide (9 M M) was used m 
this experiment. Translation was performed without (lane 1) or with 
{lane 2) signal peptide. In the presence of RM, translation was without 
[lane 3) or with (lane 4) signal peptide. SRP was added to the 
translation mixture without (lane 5) and with (lane 6) signal peptide. 
Lanes 7 and 8 are the same as lanes 5 and 6, respectively except that 
K-RM was included prior to the addition of signal peptide. B t sulfur- 
free signal peptide (6.7 m m) was used in this experiment. Translations 
were carried out without (lane 1) or with SRP (lane 2) or with bKP 
and signal peptide (lane 3). Lanes 4 and 5 are identical to translation 
mixture described in lane 3, except that K-RM were added at 5 mm 
(lane 4) or 0 min (lane 5) after initiation of protein biosynthesis. C, 
truncated signal peptide (30 M M) w as used in this experiment as a 

control, iranslation ot pituitary mrus.-\ auu giuum n****.... - 

wheat germ lvsate in the absence (lanes 1 and 2) or presence (lanes 3 
and 4) of SRP. Signal peptide was included in lanes 2 and 4. 

the inhibition of protein synthesis was observed when SRP 
and the signal peptide were preincubated, even on ice, with 
the wheat germ lysate prior to the addition of mRNAs. If K- 
RM were added 'to the SRP-containing lysate prior to the 
addition of the sulfur-free signal peptides, protein synthesis 
was not inhibited (Fig. 2.4, lane 8). Similarly, if K-RM were 
added at time 0 (Fig. 25, lane 5). 30 sec. 1 min. or 2 min after 
initiation of protein synthesis at 2o T. the synthesis of Prl 
and globin was normal. However, addition of K-RM 5 mm 
after initiation of protein synthesis could no longer reverse 
the inhibition of Prl and globin synthesis (Fig. 25, lane 4). 
The specific effect of the native-sequence and sulfur-free 
signal peptides in the wheat germ system was demonstrated 
by the failure of the truncated peptide (30 M M) t0 inhibit 
globin svnthesis (Fig. 2C, lane 4). 

The Synthetic Signal Peptide I SRP Translation Arrest Is 
Dependent on the Length of the Nascent Chain-To study the 
relationship of peptide elongation and the translation arrest 
activitv of the synthetic signal peptide, sulfur-free signal 
peptide (6.7 m m) was added to the SRP-containing wheat 
germ lvsate at time 0, 30 sec, 1, 2, 5. 10, and 20 mm after 
initiation of globin synthesis (Fig. 3. lanes 2-8, respectively). 
As compared to the control amount of globin synthesis in the 
absence of the signal peptide (Fig. 3. lane 2), the addition of 
the signal peptide at 0, 30 sec, or 1 min after initiation of 
translation could inhibit approximately 90% of globin synthe- 
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Fig 3 Effect of peptide elongation on the translation arrest 
Jivity of he synthetic signal peptide in the wheat germ 
fysale Globin mRNA (0.6 M g/ml> was translated in the presence^ of 
SRP (9.5 Mg/ml) in the wheat germ lysate as described under Exper- 
imental Procedures." Total translation products were separated on 
SDS-PAGEand visualized by autoradiography. Lane 1, control globin 
synthesis in the absence of signal peptide. Sulfur-free signal pep tide 
(6 1 1) was added to the translation mixture at time 0, 30 sec, 1.2 
5 10 and 20*min [lanes 2-8, respectively) after the initiation of 
synthesis. 

sis (Fie 3 lanes 2-4). After 2-5 min of peptide elongation, 
he signal peptide inhibited only -40-60% of globin synthesis 
Fig 3, lanes 5 and 6). After 10-20 min ofpept.de elongation, 
the signal peptide had virtually no effect on globm translation 
(Fie. 3, lanes 7 and 8). , 
Synthetic Signal Peptides Do Not Cause an Inhibition of 
Protein Translation in the Rabbit Reticulocyte Lysate Even m 
the Presence of Exogenously Added SAP-Other workers have 
dernonTated the presence of endogenous SRP-like activity 
in the rabbit reticulocyte lysate and the failure of exogenously 
added SRP to arrest translation of secretory proteins in this 
system (9). The finding of an irreversible inhibition of trans- 
lation of pre-Prl and globin by signal peptides plus SRP in 
the wheat germ system prompted us to examine the effects of 
these peptides in the reticulocyte system supplemented with 
canine SRP. Fig. 4 (lanes 1 and 2) demonstrates that exoge- 
nously added SRP had no effect upon biosynthesis of ■pre-Prl 

. , ,„„ „f o^lfur-frpp nentide (6.7 uM). 

in the aDsence or presence u . s^..~ ---- „., ,■,, 

Furthermore, the same concentration ot this peptide still 
inhibited processing of pre-Prl to Prl in the presence of canine 
SRP and K-RM (Fig. 4, lane 4). Similar results were obtained 
with the native-sequence signal peptide (data not shown). 

A Negatively Charged Amino Acid in the Hydrophobic Core 
of the Signal Peptide Causes Loss of Recognition by SRP, but 
Retains the Property of Inhibiting Processing- An Asp-sub- 
stituted analog has a substitution of aspartic acid for methi- 
onine at position (-)18 in the center of the hydrophobic 
region of the signal sequence (Table I). In the reticulocyte 
Ivsate system, this analog was demonstrated to retain signal 
peptide activity; namely, the peptide inhibited precursor pro- 
tein processing and caused the accumulation of pre-Prl (Fig. 
5 lanes 5 and 6), and this peptide had no effect on protein 
biosvnthesis (Fig. 5, lanes 2 and 3). The Asp-subst,tuted 
analog is approximately one-half as potent in inhibiting pro- 
tein processing as the native-sequence or the sulfur-free pep- 
tides, since 5.2 M M of the Asp-substituted analog {Fig. 5, lane 
6) was required to obtain a comparable degree of inhibition 
in pre-Prl processing as 3 M M of the sulfur-free peptide (Fig 
•M lane 4) However, it is important to note that formal 
comparisons of potencies have not been generated for each of 
the peptides used in this study. 

When the Asp-substituted analog was assayed in the wheat 
germ system in the presence of SRP there was no effect on 
globin synthesis (Fig. 5, lanes 11 and 12: d.2 and ,A mm of 
Peptide, respectively). We have titrated the Asp-substituted 
si-nal peptide to 26 with no detectable translation arrest 
activity in the wheat germ system (data not shown). 



pre-Prl 
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FlC 4 Effect of synthetic signal peptide in the reticulocyte 
lysate supplemented with signal recognition particle Bovine 
pituitary mRNA was translated in the reticulocyte lysate as described 
in Fig I In the presence of added canine SRP (9.5 ,g/ml) transla- 
Zn we e carried out without Uane I) or with (lane 2) sulfur-free 
ignal peptide (SP) (6.7 M M). In the presence of K;RM translations 
wfre without (lane 3) and with Uane 4) ^™\™f%^^ 
(+) or absence (-) of individual components is indicated above each 

lane. 
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F,C. 5. Asp : substuuu^ 

tuted signal peptide was included at 16 ,M gones 2 and »> o m ^ 

(lanes 3 and 6). Translation of "J™ ^ absence (lanes 

the wheat germ lysate ^ ' - desenbed ,n F .2 n the^ 

7-9 and presence (lanes 10- .) ot b«r . « P g and 

tide was included at 5.2 „M ^nes 8 and , or 7* „ J ^ ^ 

12). The presence (+) or absence i-i of various ; comp 

the reaction m.xture is indicatea aoae each lane. if. sign P 
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DISCUSSION 

The chemical svnthesis of the signal sequence of parathy- 
l hormone enables a direct examination of the biological 
nropert e™ of this specialized sequence when ,t is not contig- 
uous wh the remainder of the nascent precursor protein 
The veneration of analogs of this signal peptide permits 
lecture activity studies for various events in protein secre- 
n in which a signal peptide is thought to p ay - -portan 
ohvsiological role. Furthermore, in this study, such analogs 
weS used to explore the nature of the differences between 
the mammalian and plant secretory apparatus. 

The biological properties of the native-sequence synthetic 
signa peptide of PTH and its sulfur-free analog in the ret, - 
ufocyte lysate (their ability to inhibit the conversion of pre- 
Prl o i ts mature form) demonstrate that synthetic signa 
neptides compete with a native precursor protein for specific 
site so components of the secretory apparatus These obser- 
vation were made using PTH-related peptides 12) and using 
a nsensus signal sequence (13) in the rabbit ret iculocyt 
lysate translation/processing system. A likely and plausAle 
site of action of the signal peptides in this system is the RER 
membrane. If this were the case, then inhibition of processing 
should also be seen when RER membranes are utilized with 
a dS erent translation system. However, when these peptides 
te added to a plant (wheat germ) translation/processing 
r v stem in the presence of the same canine microsomal mem- 
brane"' no inhibition of processing was observed. It there fore 
seems unlikely that the synthetic signal peptide is inhibiting 
"rising by interacting directly with the microsomal mem- 

br S,nce the synthetic signal peptides apparently do not inter- 
act S the membrane, they might interact with a soluble 
component which was required for protein secretion prior to 
to membranous site. A likely candidate for this component 
wouS be SRP. In the wheat germ system, SRP was^emon- 
strated to interact with the signal sequence o. - - 
emerged from the ribosome and arrested the polysomes from 
ur her translating pre-Prl mRNA (3-5). In support of the 
S ect binding of SRP to a signal sequence of a nascent 
nrote n other workers have shown that the signal sequence 
< P o pre-Prl can be cross-linked to the 54-kDa SRP submit 19 
20). Thus, in this study we investigated the interaction of the 
svnthetic signal peptides with SRP. ... , „„ 

Addition of either the native-sequence synthetic signal pep- 
tide or its sulfur-free analog to the wheat germ translation 
svTtem supplemented with SRP caused translation arrest 
not oriv of the secretory protein. pre-Prl, but also of the 
ooplasm, protein, globin. The arrest of globin synthesis 
s ron-ly suggests that the synthetic signal peptide can bind 
directlv to SRP and induce the formation of a s.gnal peptide- 
SRP ■ ribosome complex. This complex, in turn, produces a 
specific translation arrest even of mRNA for a cytoplasmic 
pro in This observation further suggests that the signal 
p pSe.SRP.ribosome complex very closely resembles the 
Sex formed as a native signal sequence (contiguous with 
a nascent protein) emerges from the ribosome. These data 
also indicate that the synthetic signal peptide adopts a con- 
formation similar to a native signal sequence. 

Unlike the SRP-induced inhibition of secretory protein 
biosvnthesis, which can be reversed by the addition of K-RM 
)/the synthetic signal peptide/SRP -dependent translation 
arrest cannot be readily reversed by the addition ofK-RM 
In order to prevent translation arrest, K-RM and SRP must 
be reconstituted in the wheat germ lysate prior to the forma- 
of the synthetic signal peptide- SRP ■ ribosomal comp e. 
The formation of this complex becomes irreversible after 5 



min at 25 'C, since addition of K-RM at this time did not 
release the svnthesis of pre-Prl and globin. Therefore, in the 
absence of K-RM, SRP associates with nbosomes in a config- 
uration which favors a tight interaction with the synthetic 
signal peptide. In the presence of K-RM, SRP appears to be 
preferentially membrane-bound. It is not certain whether the 
membrane-bound SRP can still bind the synthetic signal 
peptide. Nevertheless, the inhibitory effect of this peptide on 
protein translation was diminished when SRP was reconsti- 
tuted with K-RM. , • 

The inhibitory effect of the signal peptide was also dimin- 
ished if globin was translated for 10 min prior to the addition 
of the peptide. In our hands, the rate of peptide elongation ,s 
approximately 10 residues/min in the wheat germ translation 
system (data not shown). Therefore, nascent peptides of 100 
residues were made in 10 min. The total lengths of «- and 0- 
globin are 141 and 146 residues, respectively (21). Since 40 
residues are assumed to be buried within the ribosome (5), 60 
residues are thus exposed and effectively prevent the forma- 
tion of the signal peptide- SRP -ribosomal complex. Since 
globin does not have a contiguous signal sequence, it is likely 
that the exposed 60 residues of globin sterically P«vent the 
interaction of the synthetic signal peptide and/or SRP with 
the ribosomes. , . , „„„ 

The translation arrest activity of the synthetic signa pep- 
tide and SRP in the wheat germ system was investigated at 
37 'C However, no conclusion could be reached since the 
translation efficiency of the wheat germ lysate was signifi- 
cantly decreased at this higher temperature (data not shown). 
On the other hand, the addition of exogenous SRP and sulfur- 
free signal peptide to the reticulocyte lysate, which functions 
optimally at 37 'C, did not have any effect on protein synthe- 

S1 Failure to see a translation arrest in the mammalian system 
in the presence of exogenously added SRP and synthetic 
signal peptides, conditions that causey complete inhibit^ 
of protein svnthesis in the plant system, muica.es 
displays different properties in the two systems. This finding 
confirms a previous report (10) demonstrating that SR P 
mediated translation arrest activity occurs in plant but not in 
mammalian, in vitro secretion systems. The observed change 
in SRP activity in these translation systems can be explained 
in at least two wavs. First, SRP may interact differently with 
plant versus mammalian ribosomes. as suggested previously 
bv Mever (10). Second, the mammalian system may contain 
an additional factor(s) that interacts with the signal, peptide 
either in conjunction with or independently of SKr, ana 
which is absent in the plant system. It has already been shown 
(10) that this factor(s), if present, is not a soluble docking 
protein-like molecule. f 
Another argument has been suggested that th rat of 
peptide elongation in the reticulocyte ,s much ^ter than that 
in the wheat germ system; therefore, the fast rate of synthesis 
prevents the interaction of SRP with the signal se quencea 
I emerges from the ribosomes (22). In this study we , have 
observed that a preincubation of the synthetic signal peptide 
and canine SRP in the reticulocyte lysate either on ice or at 
37 -C, prior to the addition of mRNA, did not inhib : the 
synthesis of pre-Prl. This suggested that the rate of ^synthesis 
was unlikely to affect the formation of signal sequence SRP- 

ribosome complex. „ v8tpms are 

The differences between mammalian and plant systems , are 

highlighted bv the profile of biological propert.es displayed by 

the So-substituted analog. This analog contains a kind o 

signal sequence modification studied previously in bacterial 

systems (23): the insertion of a negatively charged amino acid 
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within the hydrophobic portion of the LamB signal sequence. 
The mutant pre-LamB protein was not processed or secreted. 
In fact, cells producing the mutant precursor protein accu- 
mulated not only pre-LamB but also other unrelated precursor 
proteins in the cytoplasm. This fmd.ng suggested that the 
defective signal sequence still effectively competed with other 
signal sequences for interaction with component(s) of the 
secretory apparatus. . . 

The Asp-substituted analog, like the other synthetic signal 
peptides, inhibited precursor protein processing in the mam- 
malian svstem. In contrast, in the plant system the Asp- 
substituted analog did not inhibit synthesis of either a secre- 
tory (pre-Prl) or cytoplasmic (globin) protein This result 
suggests that insertion of a negative charge in the hydrophobic 
portion of a signal sequence interferes with the interaction of 
the signal region with the SRP ribosome complex and thus 
fails to induce translation arrest. 

The finding that a charge insertion in the signal sequence 
is disruptive to its activity in the wheat germ system, but is 
well tolerated in the reticulocyte lysate, lends further support 
for the suggestion that the signal region may interact with a 
component of the secretory apparatus other than or in addi- 
tion to SRP in the mammalian system. Furthermore the 
profile of biological properties displayed by the Asp-substi- 
tuted signal sequence in the mammalian system in vitro 
corresponds to the properties observed for this kind of muta- 
tion in vivo: it does not inhibit translation, but still inhibits 
processing of its precursor and other nascent proteins (23). 
These observations further reinforce the concept that syn- 
thetic signal peptides can mimic the conformation of a native 
si-nal sequence as it emerges from the ribosome and are able 
^interact with components of the protein secretory appara- 

tU The specificity of signal peptide studies was demonstrated 
bv the use of a truncated signal peptide. This peptide failed 
to display any of the biological properties observed for the 
other signal peptides used. This finding is consistent with jn 
vivo studies in which a minimum h^u^'-C". — — • 
(24) or an N-terminal positive charge (25, 26) on the signal 
sequence are required for protein translocation. 

In conclusion, the diverse biological properties observed for 
the chemically synthesized signal peptide of pre-proparathy- 
roid hormone and some of its analogs and the suggested 
presence of a factor(s) in addition to SRP involved in the 
secretory apparatus of the reticulocyte lysate system are con- 
sistent with the multiple and sequential functions thought to 
be served by signal regions in vivo. Signal regions are first 
thought to interact with SRP to promote a ribosome-SRP 
interaction, perhaps leading to translation arrest However, 
once the ribosome SRP complex interacts with a SRP recep- 
tor or docking protein on the RER. the signal region must 
dissociate from SRP in order to permit translocation of the 
nascent precursor protein across the RER membrane This 
translocation process can occur in the absence of translation 
(97-29) and may be facilitated by the interaction of signal 



peptide with other elements of the secretory apparatus. Given 
the complexity and sequential nature of these events, it is 
perhaps not unexpected that a subtly modified analog of the 
signal region might possess some, but not all, of the activities 
of an authentic signal region. 
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Thursday. Endoplasmic Reticulum 
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? K I!.:- ^han br,:,s ,,z^o,,s ar, :r=.a 5 cd 1 ; ----- ■ dlstrib uted throughout the cell could pl.y » roe J g 8 

stair.1,, band oi 33 O :s spa:, a: 3 e S :ion ;t n ----^ - coordinating act.vU.es at the level ^ ^.^^ membranes which 

or , 9 „. v 6 prcp^ss tnat C3P-=3 is 1 reus t : t '. = n . -t ^ ^ ^ (ransport ions or other molecules across 

th^ s-octh endcpl^sr.;.- r = : : z-il m.t , snd rhar. 1: s^:-^ ____ tJ iVij>t , H;rfnw m otn er regions of the cell. 



is known 

calcium, "this ^ot k is supported by MI* AG0^94-:... ^ 



Iciux withir. the orsancile which ■ in_a/.: 



4333 1- -h— - nmtein in the .nd opl^mjc ^jjjim^Uli^nL^ 

M- Mifiimfc ^ B.osynthesis Research Unit. USDA, ARS. Northern 
Regl onal Research Center, 1815 North UniversUy St.. Peor.a. IL 61604 

immunoglobulii. heavy-chain bmding protein (BiP. also called GRP-78) « 
a member of the HSP-70 family of heat-shock related prote.ns. W.th.n the 
lum en of the ER there is a tight binding of BiP to incompletely or mcorrecUy 
assembled prote.ns. Due in part to its abundance in secretory cells, ,t has also 
been suggested that BiP may play a role in the normal assembly of secreted 
prot eins. Maize endosperm cultures are quite aenve in the extracellular 
secretion of acid hydrolases, and electron microscopy of the cultured cells 
revealed a well developed endomembrane system. This combination of features 
provides an excellent system for molecular characterisation of the secretory 
pathway ,n plant cells. One aspect of the characterization is the search for a 
BiP-like protein Maize endosperm microsomes analyzed by SDS-PAGE, 
contain an abundant soluble protein of Mr 76,000; slightly smaller than 
mammalian BiP. The ma.ze protein will b.nd to immobilized ATP, a 

. . ^ „•„ „^ usp.rMatMi nroteins. Monoclonal antibodies 
characteristic 01 oir <mu * — • 

H M« mouse BiP were used .0 probe »Ol microsoma, pro.e.ns from ra< ,ver 
and ma.ze endosperm. These anybodies gave a positive signal w.h B,P from 
,h« rat membranes but not with any protein from ma.ie. The effects 01 
treatment with A23I87 or tunicamyem. compounds that s.imu.ate the synthes.s 
of BiP in mammalian systems, will be reported. 
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We h ve isolated full-length, expressible cDNA clones or mur.ne 
prote,n disulfide ,somerase (PDI) and ER P 72. an adundan. ^luminal 
protein of the ER. A comparison of the sequences 0 these two 
proteins revealed that ERp72 contains three copies of the 
sequences that are though. .0 function as the active site of POL 
Thus. ERP72 appears to be a newly identified member of the PDI 
family At present, we are trying to determine whether ERp72 has 
protein disulfde .somerase actrvtty. PDI P°sses Uje L»al 
sequence KDEL, while the C-terminal sequence of ERp72 s KEhL. 
n o deno determine ,f these sequences act as ER reten.on 
sequences for these prote,ns. we have constructed mutant^ , ol ^PDI 
and ERP72 which lack these sequences. The sortmg fate of the 
mutant proteins ,s being determined in transient expression stud.es 
in COS cells. 
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ERo^in Sne ER membrane places the NH 2 -term,nus ,n the lumen 
o, the ER predicts one membrane spanmng. stop transfer region 
and places most of ERp99 on the cytoplasmic 

1. o cra^qq nossesses the C-terminal sequence KDEL. tne 

this protein. 
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SHORT COMMUNICATION 

Identification of prokaryotic and eukaryotic signal peptides 
prediction of their cleavage sites 



Henrik Nielsen, Jacob Engelbrecht 1 , Seren Brunak and 
Gunnar von Heijne 2 
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The Technical University of Denmark, DK-2800 Lyngby, Denmark and 
2 Department of Biochemistry, Arrhenius Laboratory, Stockholm University, 
S- 106 91 Stockholm. Sweden 

1 Present address: Novo Nordisk A/S. Scientific Computing. Building 9M1, 
Novo Alle, DK-2880 Bagsvacrd, Denmark 

We have developed a new method for the identification of 
signal peptides and their cleavage sites based on neural 
networks trained on separate sets of prokaryotic and 
eukaryotic sequence. The method performs significantly 
better than previous prediction schemes and can easily be 
applied on genome-wide data sets. Discrimination between 
cleaved signal peptides and uncleaved N-terminal signal- 
anchor sequences is also possible, though with lower preci- 
sion. Predictions can be made on a publicly available 
WWW server. 

Keywords: cleavage sites/protein sorting/secretion/stgnai peptide 



Introduction 

Signal peptides control the entry of virtually all proteins to 
the secretory pathway, both in eukaryotes and prokaryotes 
(Gierasch, 1989; von Heijne, 1990; Rapoport, 1992). They 
comprise the N-terminal part of the amino acid chain and are 
cleaved off while the protein is translocated through the 
membrane. The common structure of signal peptides from 
various proteins is commonly described as a positively charged 
n-region, followed by a hydrophobic h-region and a neutral 
but polar c-region. The (-3,-1) rule states that the residues at 
positions -3 and -1 (relative to the cleavage site) must be 
small and neutral for cleavage to occur correctly (von Heijne, 
1983, 1985). 

A strong interest in the automated identification ot signal 
peptides and the prediction of their cleavage sites has been 
evoked not only by the huge amount of unprocessed data 
available, but also by the industrial need to find more effective 
vehicles for the production of proteins in recombinant systems. 
The most widely used method for predicting the location of 
the cleavage site is a weight matrix which was published in 
1986 (von Heijne, 1986). This method is also useful for 
discriminating between signal peptides and non-signal peptides 
by using the maximum cleavage site score. The onginal 
matrices are commonly used today, even though the amount 
of signal peptide data available has increased since 1986 by a 
factor of 5-10. 

Here, we present a combined neural network approach to 
the recognition of signal peptides and their cleavage sites, 
using one network to recognize the cleavage site and another 
network to distinguish between signal peptides and non-signal 
peptides. A similar combination of two pairs of networks has 
been used with success to predict the intron splice sites 



in pre-mRNA from humans and the dicotelydoneous plant 
Arabidopsis thaliana (Brunak et aL 1991; S.Hebsgaard, 
PKorning, J.Engelbrecht, PRouze and S.Brunak, submitted). 
Artificial neural networks have been used for many biological 
sequence analysis problems (Hirst and Sternberg, 1992; 
Presnell and Cohen, 1993). They have also been applied to 
the twin problems of predicting signal peptides and their 
cleavage sites, but until now without leading to practically 
applicable prediction methods with significant improvements 
in performance compared with the weight matrix method 
(Arrigo et a/., 1991; Ladunga et al. t 1991; Schneider and 
Wrede, 1993). 

Materials and methods 

The data were taken from SWISS-PROT version 29 (Bairoch 
and Boeckmann, 1994). The data sets were divided into 
prokaryotic and eukaryotic entries and the prokaryotic data sets 
were further divided into Gram-positive eubacteria (Firmicutes) 
and Gram-negative eubacteria (Gracilicutes), excluding 
Mycoplasma and krehaebacteria. Viral, phage and organellar 
proteins were not included. In addition, two single -species 
data sets were selected, a human subset of the eukaryotic data 
and an Escherichia coli subset of the Gram-negative data. 

The sequence of the signal peptide and the first 30 amino 
acids of the mature protein from the secretory protein were 
included in the data set. The first 70 amino acids of each 
sequence were used from the cytoplasmic and (for the eukary- 
otes) nuclear proteins. In addition, a set of eukaryotic signal 
anchor sequences, i.e. N-terminal parts of type II membrane 
proteins (von Heijne, 1988), were extracted (see Figure \) 

As an example of a large-scale application of the finished 
method, we used the Haemophilus influenzae Rd genome— 
the first genome of a free-living organism to be completed 
(Reischmann et aU 1995). We have downloaded the sequences 
of all the predicted coding regions in the H, influenzae genome 
from the World Wide Web (WWW) server of the Institute for 
Genomic Research at http://www.tigr.org/. Only the first 60 
positions of each sequence were analysed. 

We have attempted to avoid signal peptides where the 
cleavage sites are not experimentally determined, but we are 
not able to eliminate them completely, since many database 
entries simply lack information about the quality of the 
evidence. The details of the data selection are described lin i the 
WWW server and in an earlier paper (Nielsen et aL 1996a). 

Redundancy in the data sets was avoided by excluding pairs 
of sequences which were functionally homologous, i.e. those 
that had more than 17 (eukaryotes) or 21 (prokaryotes) exact 
matches in a local alignment (Nielsen etaL 1996a). Redundant 
sequences were removed using an algorithm which guarantees 
that no pairs of homologous sequences remain in the data set 
(Hobohm et aL, 1992). This procedure removed 13-56% of 
the sequences. The numbers of non-homologous sequences 
remaining in the data sets are shown in Table I. Redundancy 
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Table I. Data and performance values 



Source 



Data 



(Number of sequences) 



Signal peptides 



Non- secretory 
proteins 



Network architecture (window/hidden units) 
S-score 



C-score 



416 
1011 
105 
266 
141 



251 
820 
119 
186 
64 



15+4/2 


27 / 4 


17+2/2 


27/4 


15 + 2/2 


39/0 


11+2/2 


19/3 


21+2/0 


19 / 3 



Performance 

Cleavage site 
location 
(% correct) 

68 0 (67.9) 
70.2 

83.7 (85.7) 
79.3 
67.9 



Signal peptide discrimination 
(correlation) 



0.96 (0.97) 
0.97 

0 89 (0.92) 
0.88 
0.96 



Human 
Eukaryote 
E.coli 
Gram- 
Gram^ - 

^^^^^ 

aJLnr. the size of the input -ricdo. and the -here the cleavage site was predtcurf o be at 

C-score networks have asymmetrical input windows. ^ e f biut y of the method to dist.ngu.sh between the stgnal pepfdes and the 

the correct location wording to the mammal value of the Y-score (« F^e £ « J ' ^ { ^ ^ ^ M deavage s>t, : posmor.) .s 

N-termtnals of non-secretory protetns (bas«J on the mean value ^^^^^ on Z test sets (the average of five ™^'£7 * 

*- ^ ^ M on 411 ^ dala 

sequences when using Gram-negative networks respectively. 



reduction was not applied to the signal anchor data or the 
H.influenwe data, since these were not used as training data. 
Neural network algorithms 

The signal peptide problem was posed to the neural networks 
in two ways: (i) recognition of the cleavage sites against the 
background of all other sequence positions and (>.) classification 
of amino acids as belonging to the signal peptide or not. In the 
latter case, negative examples included both the first 70 positions 
of non-secretory proteins and the first 30 positions of the mature 

oart of secretory proteins. , 

' The neural networks were feed-forward network wu., ,»« 
or one layer of two to 10 hidden units traine d ^ing back- 
propagation (Rumelhart et al, 1986) with a slightly modified 
S function . The sequence data were presented to , the . network 
using sparsely encoded moving windows (Qian and Sejnovvski 
1988 Brunak era/., 1991). Symmetric and asymmetric windows 
of a size varying from five to 39 positions were tes « d . 

Based on the numbers of correctly and incorrectly predicted 
positive and negative examples, we calculated the correlation 
c M fficient(Mamews,1975).Thecorrelauoncoefficientsofb^ 

the training and test sets were monitored dunng training and the 
performance of the training cycle with the maximal test se 
correlation was recorded for each training run. The networks 
chosen for inclusion in the WWW server have been trained until 

^rtest^rformances have been calculated by cross-valida- 
tion" each data set was divided into five approximately equal- 
sued parts and then every network run was earned out with one 
part as test data and the other four parts as training dam. The 
performance measures were then calculated as an average over 
the five different data set divisions. 

For each of the five data sets, one signal peptide/non-signal 
peptide network architecture andonecleavage^ 
site network architecture was chosen on the basis of the test set 

ion coefficients. We did not pick the 
absolutely the best performance, but instead the smallest network 
ScSd not be significantly improved by enlarging the input 
window or adding more hidden units. 



The trained networks provide two different scores between 
zero and one for each position in an amino acid sequence. 1 he 
output from the signal peptide/non-signal peptide networks, Jhe 
S-score, can be interpreted as an estimate of the probability of 
the position belonging to the signal peptide, while the output 
from the cleavage site/non-cleavage site networks the C-score 
can be interpreted as an estimate ofthe probability of the position 
being the first in the mature protein (position + 1 relative to the 

Cle if V th«e S aSseveral C-score peaks of comparable strength, the 
true cleavage site may often be found by inspecting the S-score 
curve in order to see whicn oi me u-score peaK- ^ — i~i 
with the transition from the signal peptide to the non-signal 
peptide region. In order to formalize this and improve the predic- 
tion, we have tried a number of linear and non-linear combina- 
tions of the raw network scores and evaluated the percentage of 
sequences with correctly placed cleavage sites '" the five test 
sets. The best measure was the geometric average of the C-score 
and a smoothed derivative of the S-score, termed the Y-score. 



where A^S, is the difference between the average S-score of d 
positions before and d position after position i: 

1 / 4 d -' \ 

d \ j-\ i-o I 
In Figure 2(A), examples of the values of the C- S- and Y- 
scoTes « shown for a typical signal peptide with a typical 
lavage site. The C-score has one sharp peak that corresponds 
to abrupt change in the S-score from a high to low value. 
Amlg Vreal examples, the C-score may exhibit sema peak 
and the S-score may fluctuate. We define a cleavage site as being 
erectly located if the true cleavage site position corresponds 
to the maximal Y-score (combined score). 

For a typical non-secretory position, the values of die C-. S- 
and Y-scores are lower, as shown in Figure 2(B). We found the 
£t dSnator between signal peptides and non-secretory 
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Fig. 1. Sequence logos (Schneider and Stephens. 1990) of signal peptides, aligned by their cleavage sites. The total height of *e stack o letters at each 
position sSows the Lount of information, while the relative height of each ietter shows the relauve abundance of the <^PM ™£ tt^aVN- 
^formation is denned as the difference between the maximal and actual entropy (Shannon 948): , - H - H } = + ^ 

where n,«x) is the number of occurrences of the amino acid a and N, is the total number of letters (occupied positions) at position/. Positively and negatively 
charged residues are shown in blue and red respectively, while uncharged polar residues are green and hydrophobic residues are black. 



proteins to be the average of the S-score in the predicted signal 
peptide region, i.e. from position I to the position immediately 
before the position where the Y-score has a maximal value. If 
this value— the mean S-score— is greater than 0,5, we predict 
the sequence in question to be a signal peptide (cf. Figure 3). 

The relationship between the various performance measures 
and their development during the training process is described 
in detail elsewhere (Nielsen et aL, 1997). 

Results and discussion 

The optimal network architecture and corresponding predictive 
performance for all the data sets are shown in Table I. The C- 



score problem is best solved by networks with asymmetric 
windows, i.e. windows including more positions upstream than 
downstream of the cleavage site. This corresponds well with 
the location of the cleavage site pattern information which is 
shown as sequence logos (Schneider and Stephens, 1990) in 
Figure 1. The S-score problem, on the other hand, is best 
solved by symmetric or approximately symmetric windows. 

Although our method is able to locate cleavage sites and 
discriminate signal peptides from non-secretory proteins with 
a reasonably high reliability, the accuracy of the cleavage site 
location is lower than that reported for the original weight 
matrix method (von Heijne, 1986): 78% for eukaryotes and 
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Fig. 2. Examples of network output. The values of the C- (output from 
cleavage site networks), S- (output from signal peptide networks) and 
Y-scores (combined cleavage site score, Y k — jCjAjS t ) are shown for each 
position in the sequence. The C- and S-scores are averages over five 
networks trained on different parts of the data. Note; the C- and Y-scores 
are high for the position immediately after the cleavage site, i.e. the first 
position in the mature protein. (A) A successfully predicted signal peptide. 
The true cleavage site is marked win an arrow. (B) A non-secretory protein. 
For many non-secretory proteins, all three scores are very low throughout 
the sequence. In this example, there are peaks of the C- and S-scores, but 
the sequence is still easily classified as non- secretory, since the C-score 
peak occurs far away from the S-score decline and the region of the high 
S-score is far too short. 
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Fig. 3. Distribution of the mean signal peptide score (S-score) for signal 
peptides and non-signal peptides (eukaryotic data only). 'Non-secretory 
proteins' refer to the N-terminal parts of cytoplasmic or nuclear proteins, 
while 'signal anchors' are the N-terminal parts of type II membrane 
proteins. The mean S-score of a sequence is the average of the S-score over 
all positions in the predicted signal peptide region ( i.e. from the N-terminal 
to the position immediately before the maximum of the Y-score). The bin 
size of the distribution is 0.02. 

89% for prokaryotes (not divided into Gram-positive and 
-negative). When the original weight matrix is applied to our 
recent data set, however, the performance is much lower. This 
suggests a larger variation in the examples of the signal 
peptides found since then. It may, of course, also reflect a 
higher occurrence of errors in our automatically selected data 
than in the manually selected 1986 set. 

In order to compare the strength of the neural network 
approach to the weight matrix method, we recalculated new 
weight matrices from our new data and tested the performances 
of these (results not shown). The weight matrix method was 
comparable to the neural networks when calculating the C- 
score, but was practically unable to solve the S-score problem 
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Fig. 4. Distribution of the mean signal peptide score f S-score) for all the 
predicted HAnjiueniae coding sequences. The mean S-score is calculated 
using networks trained on the Gram-negative data set. The bin size of the 
distribution is 0.02. The arrow shows the optimal cut-off for predicting a 
cleavable signal peptide. The predicted number of secretory proteins in 
H. influenzae (corresponding to the area under the curve to the right of the 
arrow) is 330 out of 1680 (20%). 

and therefore did not provide the possibility of calculating the 
combined Y-score. 

Note that the prediction performances reported here corre- 
spond to minimal values. The test sets in the cross-validation 
have a very low sequence similarity; in fact, the sequence 
similarity is so low that the correct cleavage sites cannot be 
found by alignment (Nielsen et al. y 1996a). This means that 
the prediction accuracy on sequences with some similarity to 
the sequences in the data sets will in general be higher. 

The differences between the signal peptides from different 
organisms are apparent from Figure 1. The signal peptides 
from Gram-positive bacteria are considerably longer than those 
of other organisms, with much more extended h-regions, as 
observed previously (von Heijne and Abrahmsen, 1989). The 
prokaryotic h-regions are dominated by Leu (L) and Ala (A) 
in approximately equal proportions and in the eukaryotes they 
are dominated by Leu with some occurrence of Val (V), Ala, 
Phe (F) and He (I). Close to the cleavage site, the 
(-3,-1) rule is clearly visible for all three data sets, but 
while a number of different amino acids are accepted in the 
eukaryotes, the prokaryotes accept alanine almost exclusively 
in these two positions. In the first few positions of the mature 
protein (downstream of the cleavage site) the prokaryotes 
show certain preferences for Ala, negatively charged (D or E) 
amino acids, and hydroxy amino acids (S or T), while no 
pattern can be seen for the eukaryotes. In the leftmost part of 
the alignment, the positively charged residue Lys (K) [and to 
a smaller extent Arg (R)] is seen in the prokaryotes, while the 
eukaryotes show a somewhat weaker occurrence of Arg (barely 
visible in the figure) and almost no Lys. This corresponds well 
with the hypothesis that positive residues are required in 
the n-region where the N-terminal Met is formulated for 
prokaryotes, but not necessarily for eukaryotes where the 
N-terminal Met in itself carries a positive charge 
(von Heijne, 1985). 

The difference in structure is reflected m the performances 
of the trained neural networks (see Table I). Gram-negative 
cleavage sites have the strongest pattern— i.e. the highest 
information content— and, consequently, they are the easiest 
to predict, both at the single -position and at the sequence level 
The eukaryotic cleavage sites are significantly more difficult 
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to predict. Gram-positive cleavage sites are slightly more 
difficult to predict than the eukaryotic ones, which would not 
be expected from the sequence logos (Figure 1), since they 
show nearly as high an information content as the Gram- 
negative cleavage sites, but the longer Gram-positive signal 
peptides means that the cleavage sites have to be located 
against a larger background of non-cleavage site positions. 
The discrimination of signal peptides versus non-secretory 
proteins, on the other hand, is better for the eukaryotes than 
for the prokaryotes. This may be due to the more characteristic 
leucine-rich h-regions of the eukaryotic signal peptides. 

The logos for the human and E.coli data sets are not shown, 
since they show no significant differences from those of the 
eukaryotes or Gram-negative bacteria respectively. Accord- 
ingly, the predictive performance was not improved by training 
the networks on single- species data sets. On the contrary, the 
Exoli signal peptides are predicted even better by the Gram- 
negative networks than by the E.coli networks (probably due 
to the relatively small size of the Exoli data set). In other 
words, we have found no evidence for species-specific features 
of the signal peptides of humans and Exoli. 

Signal anchors often have sites similar to signal peptide 
cleavage sites after their hydrophobic (transmembrane) region. 
Therefore, a prediction method can easily be expected to 
mistake signal anchors for peptides. In Figure 3, the distribution 
of the mean S-score for the 97 eukaryotic signal anchors is 
included. It shows some overlap with the signal peptide 
distribution. If the standard cut-off of 0.5 is applied to the 
signal anchor data sets, 50% of the eukaryotic signal anchor 
sequences are falsely predicted as signal peptides (the corres- 
ponding figure for the human signal anchors is 75% when 
using human networks and 68% when using eukaryotic net- 
works). With a cut-off optimized for signal anchor versus 
signal peptide discrimination (0.62), we were able to lower 
this error rate to 45% for the eukaryotic data set. The mean 
S-score still gives a better separation than the maximal C- or 
Y-score, which indicates that the pseudo-cleavage sites are in 
fact rather strong. 

However, the pseudo-cleavage sites often occur further from 
the N-terminal than genuine cleavage sites do. If we do not 
accept signal peptides longer than 35 residues (this will exclude 
only 2.2% of the eukaryotic signal peptides in our data set), 
the percentage of false positives among the signal anchors 
drops to 28% for the eukaryotic and 32% for the human signal 
anchors (39% when using eukaryotic networks). When taking 
this into account, our method does provide a reasonably good 
discrimination between signal peptides and signal anchors. 
This has not been reported by any of the earlier published 
methods for signal peptide recognition. 
Scanning the Haemophilus influenzae genome 
We have applied the prediction method with networks trained 
on the Gram-negative data set to all the amino acid sequences 
of the predicted coding regions in the Haemophilus influenzae 
genome. The distribution of the mean S-score (from position 
1 to the position with a maximal Y-score) is shown in Figure 4. 

When applying the optimal cut-off value found for the 
Gram-negative data set, we obtained a crude estimate of 
the number of sequences with cleavable signal peptides in 
H.influenzae: 330 out of 1680 sequences or approximately 
20%. If the maximal S-score is used instead of the mean S- 
score, the estimate comes out as 28% and with the maximal 
Y-score it is 14% (distributions not shown). If all three criteria 



are applied together, leaving only 'typical' signal peptides, we 
obtain 188 sequences (11%). 

Some of the sequences predicted to be signal peptides 
according to the S-score but not according to the Y-score may 
be signal anchor-like sequences of type II (single-spanning) 
or type IV (multispanning) membrane proteins. This hypothesis 
is strengthened by a hydrophobicity analysis of the ambiguous 
examples (results not shown). If we apply the slightly higher 
cut-off optimized for the discrimination of signal anchors 
versus signal peptides in eukaryotes (0.62) to the mean S- 
score, the estimate is lowered from 20 to 15%. 

On the other hand, some of the sequences predicted to be 
signal peptides according to the maximal Y-score but not the 
mean S-score may be the effect of the initiation codon of the 
predicted coding region having been placed too far upstream. 
In this case, the apparent signal peptide becomes too long and 
the region between the false and the true initiation codon will 
probably not have signal peptide character, thereby bringing 
the mean S-score of the erroneously extended signal peptide 
region below the cut-off. This is strengthened by the finding 
that these ambiguous examples are longer than average and 
contain more methionines. 

In conclusion, we estimate that 15-20% of the H. influenzae 
proteins are secretory. However, a whole-genome analysis like 
this would be more reliable if combined with other analyses, 
notably transmembrane segment predictions and initiation site 
predictions. 

Method and data publicly available 

The finished prediction method is available both via an e-mail 
server and a WWW server. Users may submit their own amino 
acid sequences in order to predict whether the sequence is a 
signal peptide and, if so, where it will be cleaved. We 
recommend that only the N-terminal part (say 50-70 amino 
acids) of the sequences is submitted, so that the interpretation 
of the output is not obscured by false positives further 
downstream in the protein. 

The user is asked to choose between the network ensembles 
trained on data from Gram-positive, Gram-negative or eukary- 
otic organisms. We did not include the networks trained on 
the single-species data sets in the servers, since these did not 
improve the performance. 

The values of the C-, S- and Y-scores are returned for every 
position in the submitted sequence. In addition, the maximal 
Y-score, maximal S-score and mean S-score values are given 
for the entire sequence and compared with the appropriate cut- 
offs. If the sequence is predicted to be a signal peptide, the 
position with the maximal Y-score is mentioned as the most 
likely cleavage site. A graphical plot in postscript format, 
similar to those in Figure 2, may be requested from the servers. 
We strongly recommend that a graphical plot is always used 
for the interpretation of the output. The plot may give hints 
about, for example, multiple cleavage sites or erroneously 
assigned initiation, which would not be found when using only 
the maximal or mean score values. 

The address of the mail server is signalp@cbs.dtu.dk. For 
detailed instructions, send a mail containing the word 'help' 
only. The WWW server is accessible via the Center for 
Biological Sequence Analysis homepage at http:// 
www.cbs.dtu.dk/. 

All the data sets mentioned in Table I are available from an 
FTP server at ftp://virus.cbs.dtu.dk/pub/signalp. Retrieve the 
file readme for detailed descriptions of the data and the format. 
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The FTP server and the mail server can both be accessed 
directly from the WWW server. 
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Signal Sequences 
The Limits of Variation 
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Variations in lentrth and composition of the charged N-terminal, central hydrophobic and 
polar C-terminal reckons in a large sample of signal sequences have been mapped, botn as a 
function of the overall length of the sequence, and in an absolute sense, i.e. various 
-extremes" have been sought. The results show subtle differences between eukaryotic and 
prokarvotic sequences, but the general impression of signal sequences as being nigniy 
variable is reinforced. Criteria for a "minimal" signal sequence are suggested and discussed. 



1. Introduction 

In the process of protein export a central role is 
plaved by the signal sequence: an N-terminal 
seement that somehow initiates export whereupon 
it "is cleaved from the mature protein. All signal 
sequences seem to be built along the same general 
lines, but the fine-structure of the design has only 
rei-entlv become a subject of study (von Heijne, 
1*183. 1984a,i; Perlman & Halvorson, 1983). Three 
structurally dissimilar regions have been recognized 
so far: a positively charged N-terminal region, a 
central hydrophobic region and a more polar 
C-terminai region that seems to define the cleavage 
site. These regions are present in all signal 
sequences, but the limits imposed upon them by the 
export machinery have not been systematically 
studied: in particular, it has not been ascertained 
whether thev are all equally prone to variations in 
lenirlh and amino acid composition. This is an 
important question, since one of the outstanding 
features of the signal sequences taken as a group is 
their extraordinary variability in terms of overall 
length and amino acid sequence. 

In this paper, eukaryotic and prokarvotic signal 
sequences are grouped according to their lengths, 
and the variations with length of the three 
structural regions (termed the n. h. and c-regions in 
what follows) arc analysed. The analysis shows 
subtle differences between eukaryotic and pro- 
karvolio sequences, and suggests "minimal* 
requirements that a fully functional signal sequence 
muM conform to. Available data on non-functional 
mutant sequences, as well as on export -competent 
revenants. are discussed in the light of these 
requirements. Finally, the functional significance of 



the results are assessed and related to current 
models of protein export. 

2. Methods 

The sample under study consists of 1 18 eukaryotic and 
;J2 prokarvotic signal sequences, all with known cleavage 
sues. In the prokarvotic sample, no sequences known to 
be cleaved by the "'"lipoprotein signal peptidase" (Innis tt 
at.. 1984) have been included. Unless otherwise indicated, 
references can be found in von Heijne (19846). 

Prokarvotic sequences: Escherichia coil maltose binding 
protein: phage pBR322 ^-lactamase: phage M13 major 
and minor coat proteins: E. coli /-receptor. Salmonella 
lyphimurium histidine binding protein: $. typhimtirium 
lysine-arginine-ornithine binding protein: E. coli leucine 
binding protein: E. coli leucine-isoleueine-valine binding 
protein; E.coli arabinose binding protein: E.coL 
jralactow binding protein: E.coli chromosomal 
0- lactamase: E. roll ompA protein: E.coli amy? protein: 
E.coli ompC protein: E.coli It entcrutoxin A and 
IJ-subunits: Bacillus .lubtilis z-amyla.se: E. coli alkaline 
phosphatase: E.coli phoE protein: Staphylococci* aureus 
protein A: Cnrynrfaictrrium diphth'riaf toxin tOXli-S: 
n>ii papA: phap- Ike Z ene VIII and gene III proteins: 
Vihrin chuirr<ir toxins ctxA and ctxB (Mekalanun W aL. 
l!)S:i): E. cnti pilin k**: E. cnli tolC (Harkett W a/.. I9S31: 
E.rnli d-rihos*- hindini: protein (Ooarke *t a!.. 19S3): 
P.srwinnmna* ntrugintisa exotoxin A (Ciray W aL. 1 9841: 
r*, tf tin»it,na« sp. carboxyj^ptida-s*- (J2 (Minton ri aL. 
1 9*4). 

Kufcarvotir sequences: rat whey phosphoprotem: 
human serum albumin: rat a, -acid glycoprotein: mouse 
thyrotropin z-subunit: atlantic hagrish. anglerfbn and 
human insulins: ovine and v-ca^erns: ovine z and 
/Mactalbumins: rabbit z-lactalbumin: mouse immuno- 
globulin H-chain (H-3I5): hybndoma immunoglobulin 
H -chain 193 K 7): rabb.t immunoglobulin H -chain [W 
mouse ^-immunoglobulin L-chains (L-41b. L-3Io ana 
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Position 

Figure 1. Mean hydrophobics v an a function of the 
position from the cleavage site (between - 1 and -r 1) for 
the full eukaryotir < x ) and pmkaryotir (Q) sampler Tnt * 
hvdruphobicity .scale used is from von Heijne {H)SI). 
Negative values are more hydrophobic. 



L-32I): mouse embryonic V H -immunogIobulin (PCH 104): 
immunoglobulin V H -107: caiman immunoglobulin Eu- 
gene: cockerel VLDL-II: bee melittin; rat lactin: human 
placental lactogen; human choriogonadotropin 0-subunit: 
rabbit uteroglobin; rat growth hormone; bovine para- 
thyroid hormone; human leukocyte, immune, y and 
'Voblast interferons; rat relaxin; chicken tropoeiastin B: 
:ken ovomucoid; chicken lysozyme: chicken 
- .lalbumin; human at r antitrypsin; rat prostatic binding 
proteins CI. C2 and C3: mouse liver amylase; mouse MHC 
antigen H-2L d : mouse MHC I-A light chain: mouse MHC 
I E -x D chain; mouse MHC E, chain: human HLA-DR 2 

1 t-n r> a -L • \ LIT A TY* ^r>A T\C.R fhflins' 

ana Uv* Pj-cimilis, uuiuau x-Tv, a.*i« ^ - r 

rat carboxypeptidase A: Torpedo califomica acetylcholine 
receptor z. 0, 7 and (5-subunits; human muscle acetyl- 
choline receptor; maize zein protein Z22.1; mouse C3 
complement; rat pancreatic RXAase: mouse opiomelano- 
cortin; rat somatostatin; human antithrombin III: rat 
Thy-1; bovine Avp-NpII hormone; yeast invertase: 
mouse thyrotropin 0-subunit: hamster glucagon; pea seed 
lectin; rat apolipoprotein E; barley a-amylase: human 
apolipoprotein A I; mouse 0-crystallin; ratangiotensinogen; 
tripsinogen; rat elastase I and II: bovine chymosin: pea 
leguminf human insulin-like growth factor I; rat seminal 
vesicle secretion IV protein: rabbit poly-lg receptor: \ S 
vims glycoprotein G; adenovirus glycoprotein: rabies 
vims glycoprotein (ERA): human influenza A/ Victoria/ 
and A; Jap/' hemagglutinins; avian influenza A/FP^ / 
haemaggiutinin: Herpes 3impiex virus type- 1 glycoprotein 
D; human parathyroid hormone (Hendy tt al.. 1981): 
veast phoo (Arima et a!.. 1983): Herpes simplex type 2 
"glycoprotein D gene (Watson. 1983); rat 2-lactaibumin 
(Qasba k Safaya. 1984); bovine Ot-Xpf hormone 



(Rupperr et ai. 1984): human epidermal prowth factur 
receptor (Ullrich et al.. 1984): human Chrwrmas factur 
(Anson et ai. 1984): human pancreatic polypeptide (B<*-l 
et ai. 1984): wheat gliadin (Rafalski et al.. 1984): T-n-ll 
receptor j-subunit (Saito et al.. 1984): human transferrin 
(Vang et al.. 1984); hen ovotransfernn (Williams et al.. 
1982): Thaumatwocnts damelli thaumatin II (Eden*, et al . 
1!»S4): Chimnumu* thummi thummi jjlobin IV (Antoine \* 
Xiessing. 1984): human atrial natriuretic factor 
(.Nakayama ft al.. 1984); human HTLV-I and HTLV-I [ 
envelop jrlvroproiein* (Sodnwki et al.. 1984): human 
insulin-like growth factor II (Dull et al.. I9vS4}: murine 
epidermal growth factor binding protein (Lund^ren W til.. 
]!IM4): calf acetylcholine receptor y-subunit (Takai et al.. 
1!)S4): human a- fibrinogen (Kant et al.. 1983): human /? 
and y-fibrinogen (Chung et ai, 1983): human a-haim- 
giobin (Yang'rf al.. 1983): human retinol bmdinp protein 
(Colantuoni. 19H3): rat chymotrypsin (Mac Dona Id et al.. 

1982) : Dronophila melanvgaster glue protein 8 ((lartinkrl. 

1983) ; VS virus (N.J. Ogden) glycoprotein (Gallium* 
1983): Apiyxia R3-U neuropeptide (Scheller et al.. 19h4i. 



3. Results 

(a) The length distribution is different for 
eukaryotic and prokaryotic signal sequences 
The number of sequences in the various length- 
classes is given in Table 1. Except for an extremely 
short sequence with length L - 13. the eukaryotic 
distribution starts at L = 15 (5 sequences) and the 
prokaryotic at L = 18 (3 sequences). Moreover, the 
main weight of the distributions falls between 
L = 18 and L = 20 for the eukaryotes (37%) and 
between L = 21 and L = 23 for the prokaryote* 
(59%). Thus, towards their lower ends the two 
distributions differ consistently by three residues. 

(b) The mean position of the boundary between the 

h and c-regions is different in eukaryotes and 
prokaryotes and does not vary with overall length 

It has been noted that the overall amino acid 
composition of the c-region is more polar than that 
of the h-region (von Heijne, 1983). Indeed, in a plot 
of the mean hydrophobicity of each position in ii 
large enough sample of signal sequences aligned 
from their cleavage sites, the h/c boundary stands 
out clearly (Fig. 1). There is an obvious difference 
between eukaryotes and prokaryotes. however: in 
eukaryotes, the mean position of the h/c boundary 
is between residues -6 and -5. whereas in 
prokaryotes it is between residues -7 and -6. Thi> 
is true "also for the individual length -classes defined 
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X umber of signal .sequences of given length in the eukaryotic and prokaryotic samples 
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The pooied length-claaae, referred to in the text are endo-ed by pirenthe** when ther encompaaa 
sequences of more th*n * single length. 
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Tabic 3 

X umb>r of eukaryotic sequences with a given nvmber 
of Leu. Phe and Gly residues in the region -/J to 
-0, and the expected numbers calculated on the 
assumption of a binomial distribution 



TlpASS 



Tin- h.e boundary 1« derined in Fig. I) is between portions 
-ii .md -5 in the eukaryoleu. md between -7 Mid -6 in the 
ppikaryntefl. 



in Table 1 (data not shown); thus, the position of 
thr boundary does not vary with overall length. 
Apart from this difference, the two curves follow 
each other closely even in the region 4-1 to + 4. 
indicating that not only the signal sequences proper 
but also parts of the mature sequences are under 
similar selective pressures (cf. von Heijne. 1984a). 

(c) The h-region is enriched in hydro-phobic 
residues, but has no apparent internal 
sequence regularities 

The hydrophobic residues Phe. He. Leu. Met. Val 
and Trp are enriched in the h-regions of both 
eukarvotic and prokaryotic sequences, and drop 
sharply in frequency at the h/c boundary. 
Conversely, the charged and polar amino acids 
(A.>i>. GIu. Arg. Lys. His. Gly. Pro. Gin. Asn. Ser. 
Thr and Tyr) are' virtually absent in the h-region 
but dominate the e-region. Ala. which is very 
abundant in the prokaryotic signal sequences, does 
not vary appreciably in incidence across the h<c 
boundary in either sam pte (Table 2). 

It has been claimed that the distribution of 
ammo acids in the h-region is non-random (Inouye 
k Halepoua. 1980: Periman k Halvorson. 1983). In 
the present sample, however, no convincing 
pnuiM-ns of fine-structure are apparent in this 
rem* nr. indeed, the number of eukarvotic sequences 
with a <riven number of a particular amino acid in 
the region -13 to -6 closely follows a random 
expectation, i.e. a binomial distribution (Table 3). 

It has also been claimed that some nearest - 
neighbour pairs of amino acids in the h-region are 
prexmt in numbers that cannot be explained on the 
ha»> of random pairing (Periman k Halvorson. 
Ifctt). This possibility was tested in the present 
-ample by comparing the observed number of pairs 
»f <:iven amino acids in the region -13 to -6 
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(eukarvotes) or -15 to -7 (prokaryotes) with the 
numbers obtained for a sample with randomized 
h-regions (i.e. the amino acids in each individual 
h-region in the original sample were randomly 
-scrambled" before the pair-count was performed). 
\s judged bv r-analvsis (one degree of freedom), 
no significant deviations [P < 0-05) from the 
expected counts were found, either for nearest- 
neiehbours or for pairs separated by up to three 
residues, except for Leu-Ile (i, i4- 3)-pairs, which are 
about twice as numerous as expected (32 versus 13) 
in the eukarvotic sample (data not shown). This 
indicates that there are no strong sequence 
constraints in the h-region beyond the observed 
enrichment in hydrophobic residues. 

(d) The n-region accounts for one half of the 
length variation, but the net X 'terminal charge 
ir-ith lenath 

The net charge distribution in the n-region differs 
bv one positive charge between eukarvotes and 
p'rokarvotes. indicating that the X-terminal ammo 
group in eukarvotes provides one positive charge, 
whereas the blocked Met, in prokaryotes does not 
(von Heijne. 19846). As is clear from Figure 2(a). 
the net X-terminal charge does not vary 
appreciablv with the overall length in either 
eukarvotes or prokaryotes. and has a mean value of 
about* + 1-7 in both eroups. The length of the polar 
n-region varies strongly with the overall length, 
however (Fig. 2(b)): the variation is similar in 
eukarvotes and prokaryotes. and accounts tor 
approximately one half of the total length 
variation. 

(e) The h-region accounts for one half of 
(he variation in overall length, but 
there are no regular cariation-i in 
amino add composition icith length 
Since the lencth of the c-region is independent of 
the total lencth. the remaining half of the lencth 
variation stems from the h-region. As is shown in 
Table 4. there are no rezular variations .n amino 
acid freauencies between the different length- 
classes, and the onlv .suezestive observation so tar is 
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Figure 2. (a) Xet charge and (b) length of the n- region 
as a function of the overall length for the length -cUs.se* 
defined in Table 1 (o. prokaryote: x . eukaryote). The 
initiator Met is assumed to provide one positive charge in 
the eukaryotes but not in the prokaryotes (cf. the text). 
The n/h boundary is denned by either (1) the last charged 
(Asp, Glu. Arg. Lys) or large polar (Asn. Gin. His) 
residue, or (2) the last pair of small polar (Ser. Thr. Gly. 
Pro) residues (whichever yields the longest n-region) on 
rhe N-terminal side of the uninterrupted non-polar 
-non. 



that the shortest sequences (L = 15 in the 
eukaryotes. and L = 18 in the prokaryotes) have 
the most hydrophobic h-regions (per residue) both 
in the eukaryotes and the prokaryotes (the mean 
hydrophobicity per residue in the region -13 to 

— 6 in the eukaryotic L = 15 sequences is —8-9 kJ/ 
mol, the next-largest value is -8-3 kJ/mol (for^the 
L = 30 sequences); the value for the region - 15 to 

— 7 in the prokaryotic L - 18 sequences is -9-6 kJ/ 
mol T the next-largest value is -6*2 kJ/mol (for the 
L = 23 sequences)). 

(f) Examples of "extreme" sequences 

A selection of sequences (extracted from our full 
collection of some 300 entries) that are "extreme** 
in one wav or another is on display in Figure 3. The 



Figure 3. A collei-tion of "extreme" signal t sequem»-> 
(s*-r the text). The h-region is in boldface. Line a. motiM- 
0-rrv.staiIin: b. I*. cholera* toxin (ctxA): c. human 
HLA-1X' 0-chain: d. S.avrm protein A: e. hum;m 
influenza A. .lap hemagglutinin: f. E.coli It enterotoxm. 
A-subunit: g. human 0 fibrinogen: h. phage Ike gene 
VUI-protein: i. chicken z 2 (I) collagen (Tate tt aL. I98:ii. 
j. rnou.se MHC E,-chain: k. human pancreatic poly- 
peptide: 1. C. diphtheria? toxin tox 223'. m. human rhon<<- 
gonadotropin. ^-subunit: n. hamster glucagon; o. E.mlt 
umpA protein: p. ovine T-S2 casein (Mercier &. Cave. 
1080). 



first four entries show extremes in overall length, 
with a more than twofold increase from the shortest 
(L = 13) to the longest [L = 36). The variation in 
the n-region is even more impressive: from one 
„ /i:„ p ~\ f« tt /l i n a ct\ THp shortest 

imuuc \uiic c/ it x ..^v - • - - 

eukaryotic h-region found so far is only seven 
residues long (line i); the longest is some 16 residues 
(linek). For the prokaryotes. the corresponding 
values are nine and 15 (lines b and I). In terms of 
amino acid composition, there are h-regions that 
are almost 100% Leu (line m), 0% Leu (line n), rich 
in Phe (line b), and rich in Ala (line o). The 
sequence in line d, finally, has an unusually long 
c-region (10 residues). 

(g) Point mutations, deletions and revertants 

Counting from the cleavage site, almost ail 
export -deficient point mutations described so for 
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Frequencies of a few selected amino acid residue* in the h-region of the carious length- 
classes (rf. Table U 
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Thr h-r^on is denned » the rrgion Setween puuuon -6 uid the m«n portion of the mh 
boundary u re*d from Fig. -(b). 
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Figure 4. Signal sequence point mutations and 
.leletiona • (Silhavy et aL, 1983). The h-region is in 
boldface. 



fall in the region -7 to -14 (Fig. 4) except for a 
Leu. i 7— Pro mutation in malE. Non-functional 
deletions and partially or totally restored 
revertants are shown in Figure 5; again, it seems 
that an intact h-region between residues —7 and 
-14 (counting from the cleavage site) is required 
for proper functioning. Exceptions are the 
functional Gly_ 9 — Arg or Asp mutations in lamB. 
the only indications so far of position-specific effects 
in the h-region. 

4. Discussion 

Taken at face value, the results presented here 
suggest that the n, h and c-regions that together 
make up the signal sequence are under different 
selective pressures, although they are by and large 
similarly selected in eukaryotes and prokaryotes. 
The c-region does not contribute to the variation in 
overall length: it extends, with small variations, 
from residue -1'to -5 (in eukaryotes} or -6 (in 
prokaryotes). and it follows the "{-3, -])-rule" for 
defining the cleavage site (von Heijne. 1983. 1984a). 

The n- region, on the other hand, is extremely 
variable both in terms of length and amino and 
composition, but its net charge, which is always 
po>itive with a mean value of about 4- 1-7. does not 
vary appreciably with its length. 

The h-region. finally, still presents something of 
an enigma. The statistics on the wild-type 
>et|ueiu-es and the results from mutation studies 
aszree that residues -7 to -14 (in prokaryotes) or 
-f> to -13 (in eukaryotes) are the most important 
ones and constitute what seems to be a "minimal* 
h-region. Overall hydrophobicity seems to be the 
one governing principle in this region, and. indeed, 
substitutions of more hydrophobic for less 
hydrophobic residues seem to make a big difference 
in h-regions that are close to the minimal length 
(Firz. .5): one Ser. Gly. Thr or Pro can obviously be 
tolerated in a "minimal" h-region, but not two. It is 
uncomfortably true, however, that the lamB Gly_ 9 



Figure 5. Signal sequence deletions and wholly or 
partially restored revertants (Bankaitis et aL, 1984; Emr 
k Silhavy. 1983). The h-region is in boldface. The 
percentage values refer to the amount of correctly 
exported protein relative to wild-type (wt). 



mutations do not fit this picture without additional 
assumptions. 

Thus, we are left with a picture of the "minimal" 
sicnal sequence as one composed of a five 
(eukaryotes) or six (prokaryotes) residue long 
c-region: a seven (eukaryotes) or eight (prokaryotes) 
residue long h-region with at most one Ser. Gly, Thr 
or Pro among the hydrophobic residues: and a one 
(eukaryotes) or two (prokaryotes) residue long, 
positively charged n-region. Thus, it seems that all 
three regions can be one residue shorter in 
eukaryotes. making the shortest eukaryotic 
sequences three residues shorter than the shortest 
prokaryotic ones (cf. Table 1). If the n. h and 
t- regions are indeed independent, it should be 
possible to make a functional 13-residue long 
eukaryotic signal sequence (cf. Fig. 3. line a) and a 
16-residue long prokaryotic one. If the regions are 
allowed to overlap slightly, even shorter sequences 
may be possible (see Fig. 3. line p for an example of 
h/c overlap). 

The maximal limits are harder to find. It seems 
clear that the c-region cannot be much longer than 
its "consensus" length of rive or six residues. 
Likewise, if the h-region becomes longer than about 
2i) residues it may in fact anchor the protein 
permanently to the membrane and turn into an 
N-terminai /m/i.*-membrane sequence (cf. von 
Heijne. 1981: Bos at aL. 1984). The limits on the 
n-region. finally: IS residues have been attached to 
the X terminus of a cloned insulin gene, making the 
n-region 21 residues Ions, with no effect upon 
export (Talmadge et aL. 1981): on the other hand, a 
mutant Sindbis virus glycoprotein with its N 
terminus fused to a 30 000 M r cytoplasmic protein 
is not exported (Wirth et aL. 1979). The exact limit 
remains unknown, however. 

What. then, are the functions of these regions? 
Structurally, they appear to be quite independent, 
and thev do not seem to be co-seiected in any 
important wav. The c-region is clearly involved in 
derininc the cleavage site (von Heijne. 1984<j): the 
h-recion has been suggested as being the target for 
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signal recognition particle" (SRP) which 
.s a translational block on cytoplasmic 
rii...womw synthesizing proteins destined for export 
(Walter et al., 1981): and the n-region may have 
something to do with the "docking protein*" 
rutalvsed release of the SRP-induced block (Hall et 
nl.. I9S3: Vlasuk et aL. 1983). In contrast to the 
universally conserved "( — 3. — 1 )-destgn'* of the 
cleavage site (von Heijne. 1983). however, no 
specific patterns of amino acids have yet been 
detected in the rest of the signal sequence, and the 
h as well as the n-region seem far too variable, both 
in terms of length and amino acid sequence, to 
allow for specific protein-protein interactions such 
as those envisioned in the current models of how 
SRP works. Instead, both regions seem well-suited 
for binding in a rather unspecific way to the surface 
(n-region) and to the interior (h-region) of 
membranes, as suggested repeatedly in the 
iiterature (DiRienzo et aL. 1978: von Heijne & 
Blomherg. 1979: Wickner. 1980: Engelman & 
Steitz. 1981). 

The length variations observed in the h-region 
(-8 to -20 residues) may indicate that this region 
spans the 25 to 30 A thick non-polar interior of the 
membrane as a structure composed partly of 
a-helix, partly of extended chain depending on its 
length: eight residues in a fully extended structure 
will have a length of some 27 A. close to the length 

• 20-residue long helix. Since the helical 
.nation should be thermodynamically 
.rred in a non-polar environment, h-regions of 
intermediate length would span the membrane 
as part a, part extended-chain structures (cf. 
Bedouelle & Hofnung. 1981). 

However, this does not explain the SRP-effect. 
By substituting a polar leucine analogue for Leu in 
a Leu-rich signal sequence one can bypass the SRP- 
induced translational block and get a cytoplasmic 
protein; with a Leu-poor signal sequence this does 
not happen (Walter et al. y 1981). It may be. though, 
that this does not come about as a result of a direct 
interaction between the signal sequence and the 
SRP; rather, the relation between the two may be 
indirect and not dependent upon a specific protein- 
protein interaction. One might speculate that the 
signal sequence somehow interacts with the 
ribosome rather than with the SRP. and that the 
SRP halts translation by interacting with the 
ribosomal translocation site on ribosomes 
"sensitized" by the presence of a signal sequence. 

Tin.*- work wa.s support^ by a gnint from the Swedish 
Natural Snmres ReM-arch Council. 
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© M et a?p tyr tyr a?g as tyr ALA ALA ILE PHE LEU VAL THR LEU SER VAL PHE LEU his val leu his ser'ala 

ftg !. A nypkraT signal sequence (human chorionic gonadotropin, a subunil) with the hydrophobe core in boldface and the cleavage sue marked by an ar- 
row. Note the charged residues in the N-terminai region, which has a net charge of +2. 



T»bte I. Number of signal sequences with a given net charge in the N-terminal 
region (counting + 1 for Arg and Lys, and - 1 for Asp and Glu) in the 
eukaryotic and prokaryotic samples 
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Fig. 2. Distribution of the net N-terminal charge calculated from Table I, 
with one positive charge added to each eukaryotic sequence. Eukaryotic 
sample = dotted bars, prokaryotic sample = hatched bars. 

(defined as the segment from the initiator Met to the charged 
residue closest to the hydrophobic core) longer than three 
residues (eukaryotes) or four residues (prokaryotes) m the 
calculation. Amongst the eukaryotic sequences, only six out 
of 62 (10%) have Arg or Lys in this posidon when» there 
are 12 sequences out of 22 (55%) with a positively charged 
residue next to Met f among the prokaryotic sequences. Thus, 
a positive charge close to the N terminus may be advan- 

"Sarly, in signal sequences with both positively -and 
negatively charged residues in their N-terminal region (such as 
hfone in Figure 1), the charged region ends 
charge on its C-terminal side in 13 out of 14 cases. Thisbtter 
observation may be explained either as a ^9^™%£ 
ment or simply as a consequence of selection again « neg*ve- 
ly charged residues: starting from a highly Pos'Uvely ch urged 
N-terminal region (the only kind that 
a negative charge), an acidic residue should be much more 
likely to be functionally neutral when placed well inside the 
charged region rather than in the Mrophotac 
C-termmally to the last positive charge, wher *e introduc- 
tion of a charged residue may often have a deleterious effect 

2316 



0.4- 



0.3 

1 



0.1- 



ill 



m 



Length 

Fie 3. Length distribution of the charged N-terminal regions (counting 
from the initiator Met to the charged residue closest to the hydrophobic 
core, see text). Eukaryotic sample = dotted bars, prokaryotic sample = 
hatched bars. 

Although the connection between the selective : constnunj 
on the N-terminal region demonstrated here and the actual 
functioning of the signal sequence still rema ^/° ^™ d £ 
one clue is provided by the work of Vlasuk et al. (1983) who 
have shown that both translation and secretion of the outer 
membrane lipoprotein from Escherichia coh « 
when the net N-terminal charge is lowered from its wild-type 
value of +2: with zero net charge, synthesis is down* 
- 60% but secretion is unaffected; with a negative net charge, 
synthesis is reduced even further and, in add ttior, > riost otm 
protein made accumulates as precursor in the ^°P l f ^ 
fits nicely with the net charge distribution in ou .samp 
where 94% of all sequences have an N-terminsd net ctoge 
+ 1 or greater and 67% have a net charge of at least 
There « only two sequems with a net charge g^S^ 
i.e., a ^-immunoglobulin light chain (L-321) (Bu»«n 
Schechter, 1978), and pea seed lectin (H.ggins a* I 
unfortunately, not much is known about their level or y 

thesis and secretion. difference in 

Finally, if the explanation given above for the oiff*™ ^ 
the number of basic residues between the P™™* 
eukaryotic signal sequences (i.e the uncharged I ^ 
the positively charged Met at their respective N ten* ; 
correct, one prediction is that «*aj*aci«jUW 
quences will turn out to be more like the.r ^ot ^ 
prokarvotic counterparts since they ar e ^*«^f vlasuk et 
unformulated initiator Met. In v,ew of the results of vi* 



|gnal sequences: the N-terminal region 



wra posicivdy charged reutaes on 
■ectively made and exported from a prokyaiom cell. 

Materials and methods 

M P okaryotic fences the samtfeinc ^ Staphylococcus 
Hojne (1984), plus the following Bfloto''c/KW 

2w Penicillinase (Nielsen and Umpen 1982K ^ ^ 

^flrfMCttrium dtphthenae toxm , K e major and minor coat 

^pfflSS^ -^"^ - Hofnun6 ' 

V '^ryoticse^^ 

1 /iQR4> except: mouse embyronic V H immunu* immuno- 
Sin; « chorionic go,*— • rabi es 
Jbolin; canine trypstnogen 2 + 3. human « * a subunlt . 

Srus glycoprotein CVS; and rat pituitary glycop d ^ 

rimVa.30 includes: (Gray and 

„v 1981; Morinagatf ai, ' 983 ) ; J™ ma " y u Vxrl07. and H-chain 
Sddel. .982; Taniguchi et al, 1980); , h "^' , X Tw. Sims er 0 /. . 
( , 3g 7) immunoglobulin (Bernstein « aA WJ^JJ^ A/Jap/ and avian in- 
K)! porcine gastrin; h«-->f^ h ^Sobulins(L4.B, L-3.5. 
Ihenahaemaggluimn V^m^Lim ^ nic v „ ,mmuno- 
. ^ L-321) (Burstem and ^^.*2 U S° MH C H-2L d and E 3 chains 
1 jtobulin; ovine c-Sl and «-S2 ~ "«^ c ,. A Ug ht chain (Mahssen 
Uvans et a/.. 1982; Satto£/ a/.. ^"^SfrNW*" « 1983 > ; mouse 
, 1983); mouse MHC l^-D ^XazTer ai. 1982; Argos et al. . 
■ catnsh and anglerfish ~Utm Igg^ ^ ^ ACTH- 
W .J; Goodman et al.. 1980; Hobart et al., BM. hum on; 
1 HPH precursor; trypanosome surface ^^^ plex vims glyco- 
tamder antifreeze protein V™?J^-£v*2>-, mouse C3 comple- 
I n^rifts C and D (Frink et al., 1983, Watson el a, ^ Habert 

M (Wiebauer « a/.. 1982); *>™<*^^ ^3); mouse epidermal 
, ,983); human plasminogen ^^^1 Hi^ « «* g 
1 growth factor (Gray « a'-, 1983 . J» «" ^ t^ng protein C3 

lipoprotein E (McLean « a/., 1983 ^ » pre* Mi)liman _ ,»)., 
fvSSchil « a/., 1983); barley a-amylase (Roge H LA-DC a 

human apolipoprotein A-l l " " DC 3 chain (Urhammar tf of.. 
dain (Schenning cf «t. 19M * "J^a f 1983); human vasoactive 
mr, human HLA-DS a ^^^^^Bn«< ,nana 
testina! polypeptide (Itoh e lal., 983) kininogen (Nawa ^. 

human interleukin 11 fTaniguch,^^ 1983 . ^ ^ otens , n ogen 

1983b); french bean phaseol.n £.ghtom e^, rat 1 and II. 

(Doolittle, 1983); yeast maung (u*x ^1. ^ J bovine lactin (Dayhoff, 
bovine chymosin. fruit fly vitellogenin 1. » ^ interleukin-3 (Fung 
1*3); bovine substance P (Nawa el al ""g^^ and Mcintosh. 1983 ; 
I * , 984); ^ran/to fcyftnto ^^^L h orm one (Scheller el ai. 
pealegurmn (Lycett « al.. ^\ A f ^,^Sfal., 1983); yeast Kl toxin 
1983)?human insulin-like growth ^™J^^ a& virus g P 55 glycoprotein 
Skipper et al. 1984); Friend spleen o f °^ n ^ s B ubura t(Chiner fl /.. 1983); 
(^Zurna et at.. 1983); rat a i. 1983); human growth 

* seminal vesicle secretion IV proton (Harr s « ^ ^ 
hormone-releasing factor (Gubler " Vanagi « al. 1984). rabbi. 

(Hedrick « ai, 1984); human T ^.^^ecystokinin (D«chenes e, 
poly-lg receptor (Mostov ai, 1984), ana 
A. 1984). 
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patterns of Amino Acids near Signal-Sequence Cleavage Sites 



^Z^L^ Biophysics. Decent of Thcoretica. Physics. Royal of Techno.ogy. Stoekho.* 

(R wived October 27/December 30, 1982) - EJB 6142 

According to the s,gna, hypothesis, a signal se = once \f^S^\tZ 
across the rough endoplasmic reticulum, is cleaved £ om he mat re pr tern P _ . $ ^ ^ 

that some part of the cleavage spec.fic.ty resides m the last re ' due ot ^^ n J s S ^ ar the ' int of cleavaae have been 
a small, uncharged side-chain, but no further spe c fic P a« ns of amino i ^ J ^ are 

ESS**, tfe predion of cleavage s.tes , made. 



The molecular basis for the highly precise cleavage between 
clomt sequences and mature exported proteins has been 
omewhat of an enigma ever since the first prc-prote.ns were 
sequenced some ten years ago [1]. The last residue of the signal 
Suence has been found to be either Ala. Gly. Se, Cys Thr or 
Gin i e. one with a small, uncharged side-cha.n, and it has also 
been shown that the signal sequence has a very hydrophobic 
central core [2]. but neither the positioning of this core relative 
t0 the cleavaae site, nor the patterns of amino acids found at 
this site have so far allowed a precise prediction of the position 
of the point of cleavage from sequence data alone. In this paper, 
we show that the patterning of amino acids near the cleavage 
site is much richer than hitherto believed, and that, given this 
information, cleavase sites can be predicted quite successfully. 



RESULTS AND DISCUSSION 

Analysis of a comprehensive collection of known eukary- 
otic signal sequences, aligned with coincident cleavage s.tes 
(Table" 1), reveals some interesting regularities. As shown in 
Table :. whole classes of residues are absent not only from 
position -1 (the last residue of the signal sequence, ct. above) 
but also from position -3, and. conversely, the same types of 
amino acids as in position - 1 are strongly preferred in position 
-3 Also these small, neutral residues are quite rare in position 
-2 (there is only one Ala in position - 2. in contrast to position 
-1 with 36, and position -3 with 2d alanines). 

Moreover, the bulky aromatic residues seem to be selected 
for in position - 2. whereas the secondary-structure-disrupting 
residues Gly and Pro are found predominantly in positions -4 
and -5, respectively. In addition, there is not a single Pro 
residue in the whole region between -3 and + I. 

The hvdrophobic residues seem to be merely tolerated in 
positions'+l and -2 to -4: they are conspicuously rare 
in position -5, and then become dominant from position -6 
onwards as one goes further into the central hydrophobic core 

j (see above). , , . „„,^ 

' Finally although charged residues are tolerated to some 
! extern in 'positions -2.-4 and -5. they are much more 
' abundant in the mature sequences, starting trom position -r I . 
i A similar analysis of a smaller sample with all isozymes 
and obviously related sequences removed yields essentially 
identical results (data not shown). 



These observations make it possible to formulate a pre- 
liminary set of rules that can be used to predict the point ol 
cleavaae in a eiven pre-protein sequence. At this stage, we have 
felt it reasonable to deal with classes ofam.no acids rather than 
individual ones, and the following scheme can thus be refined as 
more sequences and data for individual residues become 
available. 

The prediction method proposed here has two components . 
first the N terminus of the hydrophobic core is located by 
searching, from the N terminus for the first quadruplet w.th at 
least three hydrophobic residues (group IV in Table 2, not 
counting the initiator Met), and defining : * window - for 
processing between residues f + 12 and , + 20 0 being the first 
residue in the quadruplet). Then, for each res.du e in the 
'window", a measure of 'processing probability is calculated by 
multiplvino toaether the respective values from Table j, values 
chosen Vinspection so as roughly to reflect the amino acid 
n,,,™ discussed above, and fine-tuned to ma.x.mize the 
numbe'r'of correct predictions. Finally, the site of processing «i 
predicted as the site with the highest "processing probability . 

Applyins this scheme to the sequences listed in Table only 
5 out of 76 processing sites are incorrectly predicted ■ (nos 18, 2., 
37 4^ 45), with one additional case where the method cannot 
differentiate between the correct and one incorrect site (no. -K 
Usina less than the full set of rules, it was found that he rule 
•no Pro in position + 1 • can be discarded without a ffecung ^ 
number of correct and undecided predictions for the present 
data base. All other rules are important, though As an 
illustration, using only the rule for P°smon - - \ yield 16 
incorrect and 39 undecided predictions. ^f^^X 
position -3 only improves these figures to 14 incorrect and 16 
undecided predictions. al , 0 
The amino acid patterns presented here can perha al o 
yield some insight into the actual structure of th *gnal- 
'sequence - protease complex. As shown above, positions 1 
3- 3 seem to be strongly selected for small, neutral residu 
ana . , ? ., m 4 -4 seem to accomodate 

whereas positions +1. -2. ana -i seem 
almost any kind of residue. Moreover there is not a single Pro 
from position -T to 4-1. and. further, this region » olten 
lep'ated from the hydrophobic core of the signal sequence by 
the strong helix-breakers Pro or Gly [4 

Thus a possible signal-sequence - protease structure would 
be an alternating sheet structure near the cleavage : site. j«ned at 
its N terminus to a largely hydrophobic helix (Fig. 1 ■ >■ 
position +1 is located close to the membrane surtac. 
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Table t. A collection of eukaryotic signal sequences ,u,.^ n notions - 1 and + 1 ); in the second pan sequences in which the 

UenrstparMhesequenc^ 

leotionofthissi.eisunknownhavebeenal^ 

the processing 'window' is shown by slashes (/; when a 'and a ,■ LOtnudt^y the ^ ^ = ^ ^ = ^ ? = ^ Q = ^ R = ^ $ = ^ T 
= Ala. C = Cys, D = Asp, E = Glu, F = Phe, G = Gly . H - His . j. ■ rat;2: acid glycoprotein, rat; 3: ^-thyrotropin, 

= Thr V = Val, W = Trp, Y = Tyr, X = unknown. Protems are as tollows K wney p p v ovine: 10: x-casem, ovme; 

m le; 4: insulin, hagfish; ^ -sulin ang.erHsh 6 insu ^ ,6: VLDL-U, cockerel; 

,, : a-lactalbumin. ovine: 12: /Mactoglobuhn ov,ne I3_ w ca>e,n ; ° human; 21 : choriogonadotropin, human 22: uteroglobin, 

,7- melittin.bee; 18: lactin. rat; 19: placental lactogen, human 0 f chorl ^ n ^ bovjne; 26: parathy roid hormone, bovine; 27: relax.n rat; 
rabbit; 23: growth hormone, rat: 24: growth hormone h ^ • * ow " hor^ ^ J2: ovomucoi(li<hicken; 33 : lysozyme^chicken; 

28 serum albumin, rat ; 29 : serum album*, human . 30 l,v } ±J . 37 : pr0$tatic binding protein c2. ra, ; 38 : glycoprotein. AD vtrus; 
34 conalbumin. chicken: 35: ,-1 antitrypsin, huma ; ^^'"Z^ human mLnza Victoria: 42: hemagglutinin, human mfluenza Jap; 
39- apohpoprotein Al. rat: 40: glycoprotein, rab.es virus 41 • nema.gw in n einWrfefon huma n: 52: fibroblast interleron, human; 5,- 56: 

LlhemaLlutinin.av^^^ immunoglobulin, mouse: 63 -66: 

x-immunoglobulin. mouse: 57-59: A-.mmunoglobuhn. ™»>£^ ^ trypsin02cn ,. canine; 69: trypsinogen 2 + 3. canme: ,0: 

embryonic VH-immunoglobulin, mouse; 67: H-cha,n immunoglobulin, mouse M_ yp „. amylase , rat: 76: i-laculbum.n. rabbit; 

chymUpsinogen 2, can.ne; 7, : ^peptidase A^a^^ precursor, porcine: 8, : ACTH-/J-LPH 

^i:^^ 8s — ^ •** 86 - w: ™ tatm ' ans 

89: calcitonin, rat; 90: glucagon, anglerftsh 




vhich the 
r(*),and 

;ockerel; 
roglobin, 
ixin, rat; 

chicken; 
virus; 

nza Jap; [ 

; 53-56: [ 
63-66: 1 

line; 70: . 

n, rabbit; 

H-^-LPH 

nglerfish; \ 




S 
X 
D 
P 
X 
F 
R 
C 
I 

F 

F 

F 

E 

V 

K 

K 

K 

G 

X 

X 
X 
K 
E 
L 
A 
X 
K. 
S 
N 



[151 

[16] 
[17] 

1181 
[19] 
[20] 
[211 
[22] 
[231 
[24] 
[25] 
[26] 

[2^1 
[23] 
[29] 
[30] 
[3U 
[32] 
[33] 
[33] 
[331 
[3^1 
[351 
[35] 
[36] 
[37] 
[38] 
[39] 



G [40] 



Sequences with unknown cleavage sites 

T CSSRSGALLLAL 
M A W Q G L L L A A 
MARFLTLCT* 



81 
82 
83 
84 
85 
86 
87 
88 
89 
90 



M V 
M K M V 



M 
S S 

s s 



M Q R L C A Y 

M D R R R M P 

M V K A IAS 
SSSPLRLA 

S R L R C L L V 

S R L R C L L V 

M Q C 1 R C P A 

M G F L K F S 

M K R I H S 



V L 1 H 
L W A L 



SM/E VRG-WCLE/SSQCQD [50, 

i v i <; T M A*D C L S/G L 



L A L a' A C/S E A*S VV k' P G/F Q L * X 

L M L L H . VVA I E EM K A E RQ A P ^ g 

L A L M C L V A V G V, I S^C OJ LRLL 

l lll s s l l t T a s s : - T D r LRLL 



[51] 
[52] 
[53] 
[54] 
[55] 
[56] 
[57] 
[53] 



I LA L LA L V L ^ ^ q'' A C G* L Q A V p' L R S T "l [59] 
L a G V > L L V L G L ^ Q S S/C*R V L M Q E A/D 



indicated by the observed greater proportion of charged 
P oMta £ wol need son* 8 or 9 heHcal 
resiled to the 4 or 5 in the extended sheet =on = uo 
to reach through the non-polar interior o the membrane a 
(W that compares quite well with the length o the un char ed 
segment of the shortest known signal sequence 1, re s du , 
A similar proposal has been made earlier on the basi ot a 
analvsis of predicted secondary structures tor »SJ^ e ^ 
WandtheLdeltsaisoinag^ 
an ener°v-minimization stud> ot mc ^ 

^tL^uX ZSl thus contain two different and 
largely Independent 'signals' : one in the form ot a hydrophobic 



core, presumably respons.ble for initiating ^ponand for 

in the region -5 to - 1 c ° mer ""* v m i lect ; 0 n of eukaryotic 
This analysis has been based on a c kaf J otic 
signal sequences and it might b : a sked how f , 
ones conform to the patterns P^"^; w . n s0 that 
only some 16 prokaryotic »P|a l^nce, are kno ^ 

too great a reliance on a «^teTi» amiable it seems. 

justified at this point. From the u ited t0 a more 

however, that the only obvious deferences are ^l.mi 
pronounced exclusion of charged ^^hep^ - 
sequences (except, of course at the N terminus), a ^ 
preference for small, neutral residues in position 
shown). 



Table 2. Number of residues of different physico-chemical character in 
positions -6 to +2 (cf Fig. I and Table 1 1 

The cleavase site is located between positions - t and +1.1 (aromatic 
residues): Phe, His, Trp, Tyr; II (charged residues): Asp, Glu. Lys, Arg; 
III (law polar residues); Asn, Gin; IV (hydrophob.c residues): Phe. lie, 
Leu, Met, Val; V (small neutral residues): Ala, Cys, Ser, Thr; G: Gly; 
P Pro; N.B. Phe is included in groups 1 and IV since it is both bulky and 
aromatic (thus excluded from positions -1 and -3) and hydrophobic 
(thus abundant in the hydrophobic core) 



Group 



Number of residues in position 



II 

III 

IV 

V 

G 

P 



Table 3. 'Statistical weights of the various physico-chemical groups of amino 
acids in positions -5 to + /, used to calculate (he 'processing probability 
(see text) 

The groups are defined in the legend of Table 2 
Posi- 'Statistical weight' of group 
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1.0 


1.0 
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Cys = 1 0 
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1.0 


0.6 


1.0 
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-3 
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1.0 


3.0 


1.0 


0.0 


-4 


1.0 


1.0 


1.0 


1.0 


1.0 


4.0 


i.O 


- 5 


1.0 


1.0 


1.0 


0.7 


i.O 


1 .0 
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Fi° 1 Proposed signal-sequence -protease complex. The signal sequence 
spans the membrane as a 'helix + sheet" structure. The small, neutral 
residues in positions - 1 and -3 fit into a pocket in the protease, thereby 
defining the cleavage site between positions - 1 and - I 
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More generally, prokaryotic signal sequences are richer in 
Ala and poorer in Leu than eukaryotic ones [7]. 

In conclusion, it seems that a statistical approach to the 
problem of signal sequence processing can yield valuable 
information not readily obtainable from experimental work, 
and mav, with suitable refinements, provide a good basis for 
schemes predicting the site at which processing of a given pre- 
protein sequence will take place. 
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The structure of signal peptides from bacterial lipoproteins 



Gunnar von Heijne 

Department of Molecular Biology, Center for Biotechnology Karolinska 
;, s tiruiet. Huddinge Hosp.tal-KS?, S-141 86 Huddinge. Sweden 

Statistical analysis of lipoprotein and non-lipoprotein signal 
peptides reveals that the two classes differ significantly only 
in the region close to the signal peptidase cleavage site This 
region is apolar and has the consensus sequence LA(G,A) l L 
in the lipoproteins, but is polar and has small, uncharged 
residues in positions -3 and -1 in the non-lipoproteins. A 
simple search for matches to the lipoprotein consensus 
cleavage site suffices to discriminate between the two groups 
with close to 100% reliability, . 
Xey words: signal peptide/ lipoprotein/ consensus sequence/signal 

peptidase 

Introduction 

Secretory proteins are normally made with a transiently attached 
amino-terminal signal peptide that serves as air address ; labe fcr 
membrane translocation. Typical signal peptides contain three 
distinct regions: a positively charged amino-terminal region 
(n-region), a central, hydrophobic region (h-region) and a more 
^olar carboxy-terminal region (c-region) that specifies the site 
of cleavage between the signal peptide and the mature protein 
(von Heijne, 1985). . . 

In eukaryotic ceils, the signal peptide is removed by a multi- 
subunit enzyme called signal peptidase, located in the endoplasmic 
reticulum (Mollay, 1985). In bacteria, two uistoc. ^g~~ 
peptidases have been identified: signal peptidase I (SPase I or 
Sder peptidase, Up: Wickner, 1988) that removes the signd 
peptide from the great majority of secreted proteins, and signal 
Sidase n (SPase II, Lsp; Innis * al , 1984) that cleaves the 
signal peptide from a small class of lipoproteins. Qeavage °f 
liLrotein signal peptides involves, as a first step, the addition 
of a glyceryl moiety to a Cys residue near the amino terminus, 
whereupon the signal peptide is cleaved by SPase U on the anuno- 
terminai side of this modified cysteine (Tokunaga etal , 1982). 

To assess the differences and similarities between SPase I- and 
SPase II-cleaved signal peptides, the n-, h- and c-regions from 
a sample of lipoprotein signal peptides have been compared witfi 
a sample of non-lipoprotein signal peptides. It is shown that 
lipoprotein signal peptides differ in their c-region from non- 
protein signal peptides; however, the n- and h-regions of the 
two classes are indistinguishable in terms of length and amino 

acid composition. . 

This observation provides a simple explanation for the results 
recently reported in this journal by Klein et al (1988), namely 
that lipoprotein signal peptides tend to be shorter, more hydro- 
phobic and bulky, and have a stronger tendency for turn- 
conformations in the region immediately downstream of the 
cleavage site than non-lipoprotein signal peptides. Using multi- 
dimensional cluster analysis, these authors developed a method 
whereby some 90% of all lipoprotein signal peptides could be 
discriminated from some 90% of a control sample of non-lipo- 
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protein signal peptides. Here, I show that a simple pattern 
recognition method that searches for an SPase II consensus 
cleavage site provides a discrimination between lipoprotein and 
non-lipoprotein signal peptides that is at least as good as the one 
provided by cluster analysis. 

Methods 

Thirteen non-homologous lipoprotein signal peptides from Gram- 
negative bacteria and an additional three from Gram-positive 
bacteria were extracted from the SIGPEP database (von Heijne, 
1987; Table I). Although the site of SPase II cleavage has not 
been determined in all cases, the 'SPase II consensus' sequence 
(see below) allowed unambiguous assignments of this site for 
all sequences. Twenty -eight non-homologous non-lipoprotein 
signal peptides with known SPase I cleavage sites from 
Escherichia coli were analysed in parallel (these sequences, as 
well as the SIGPEP database, may be obtained from the author). 
For the analysis of the c-regions , the signal peptides were aligned 
from their site of cleavage (between positions - 1 and + 1), and 
the position-specific amino acid counts were obtained. The border 
between the n- and h-regions was defined to be located immedi- 
ately downstream of the most C-terminal charged residue (Arg, 
Lys, Asp, Glu) of the n-region; the n- and h-regions thus defined 
were analysed in terms of length and amino acid composition. 
Two-sided f-test and x 2 analysis were used to assess the statisti- 
cal significance of differences between the two groups. 

Results 

Since signal peptides from Gram-positive and Gram-negative 
bacteria are different in terms of the lengths and amino acid 
compositions of the n-, h- and c-regions (von Heijne and 
Abrahmsen, 1989), lipoprotein signal peptides from Gram- 
negative bacteria were first compared with non-lipoprotein signal 
peptides from E.coli. 

As shown by Klein etal (1988) there is a statistically 
significant difference (P < 10" 3 ) in the mean signal peptide 
length between these two classes, with the lipoprotein sequences 
being on average 5 residues shorter (19.2 versus 24.1 residues; 
Figure 1). To find out which of the three 'typical' regions 
contribute to this difference, plots of the mean frequency of 
hydrophobic (ACFILMVW) and turn-promoting (DGNPS) 
(Levitt, 1978) residues as a function of the position relative to 
the cleavage site were made (Figure 2). In addition, the mean 
lengths and overall amino acid compositions of the n- and 
h-regions in the two samples were calculated. 

In the non-lipoprotein signal peptides, the average c-region is 
6 residues long and extends from residue -6 to residue -1 
(Figure 2), whereas the average lipoprotein c-region cannot be 
distinguished from the h-region on the basis of hydrophobic^ 
alone (although lipoprotein signal peptides seem to have a weak 
tendency to have turn-promoting resacfues in positions -7 to -5). 
However, all lipoproteins have a SPase II •consensus' sequence 
LA(G,A)IC (see below) in positions -3 to +1. The mean 
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TaWc I, Lipoprotein signal peptides. 
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The SPase II cleavage site is indicated 
and Henning (1987); 5, Watson et ai 
etal. (1987); 10, Weyer et ai (1987); 
Hussain et ai (1987). 



by A. References: 1, Nakamura et ai (1980); 2, Yu etal. (1986); 3, Ogata et ai (1982); 
(1984); 6, Takase et ai. (1987); 7, Waleh and Johnson (1985); 8, Deich et ai (1988); 9, 
11 Chapon and Raibaud (1985); 12, McLaughlin et ai (1981); 13, Nielsen and Lampen 



4, Chen 
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(1982); 14, 



lengths of the h + c regions of the two samples are 14.7 (lipo- 
proteins) and 18.1 (non-lipoproteins) residues, again a statistically 
significant difference (P < 10~ 3 ). However, if the average 
c-region lengths (3 and 6 residues) are subtracted from the h + c 
region lengths, the resulting mean h-region lengths are 1 1.7 and 
12.1 residues; these mean lengths are not significantly different 
(P > 0.1). The overall amino acid compositions of the h-regions 
are identical to within statistical error (Figure 3). 

The mean n-region length is 4.5 for the lipoprotein signal 
peptide and 6.0 for the non-lipoprotein Kcoli sample. The mean 
n-region net charge is +1.9 and +2.0 respectively. These 
differences are not statistically significant (P > 0.1). Tne overall 
amino acid compositions of the n-regions also do not differ 
significandy (Figure 3). 

An obvious difference between the two samples, already noted 
by Klein et ai (1988), is the high incidence of turn-promoting 
residues immediately downstream of the cleavage site (positions 
+2 to +6) in the lipoprotein sample. In contrast, among the non- 
lipoprotein signal peptides, turn-promoting residues tend to be 
found around positions -6 to -4 and in position +2 (Figure 2; 
von Heijne, 1983). 

Only three lipoprotein signal peptides from Gram-positive 
bacteria are known (Table I). They seem to have longer and more 
highly charged n-regions than lipoprotein signal peptides from 
Gram-negative bacteria, but this is observed also for non-lipo- 
protein signal peptides (von Heijne and Abrahmsen, 1989). 
Again, the only obvious difference between SPase I- and SPase 
Il-cleaved signal peptides is the design of the c-region. 



Discussion 

From the results presented above, it is apparent that lipoprotein 
and non-lipoprotein signal peptides differ in their c-regions, but 
not in their n- and h-regions. One would thus expect them to 
follow basically the same route through the secretory pathway, 
up to the point of signal peptide cleavage. This indeed seems 
to be the case, since lipoproteins are sensitive to most of the per- 
mutations (Wu and Tokunaga, 1986), and since when mutations 
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Fig. 1. Cumulative length-distribution of signal peptides from lipoproteins 
(-□-) and non-lipoproteins (-■-). 

that prevent cleavage by SPase II are introduced into the lipo- 
protein c-region, 'cryptic' cleavage sites most likely recognized 
by SPase I are often uncovered (Mezes et ai, 1983; Hayashi 
etal, 1984, 1986; Ghrayeb etal, 1985). In all such cases 
studied to date, the cryptic sites are located downstream of the 
SPase Il-site. A similar situation has been observed with lipo- 
protein mutants expressed in yeast (Pines et ai, 1988). This is 
consistent with the fact that SPase I c-regions typically con ; :^ 
a stretch of rather polar amino acids, whereas SPase II c-re^-'ns 
are composed largely of apolar residues that SPase I may view 
as being part of the h-region. 

The simple observation that the c-region of lipoprotein signa 
peptides is apolar and somewhat shorter than the c-region o 
SPase I-cieaved signal peptides explains most of the differ ^ 5 
between the two classes of peptides found by Klein et al (198»£ 
Thus, the greater mean hydrophobic ity (taken over the who 
signal peptide), the greater mean side-chain volume, the smai 
overall Ser + Thr + Pro content, and the shorter mean tcng 
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ig. 2. Incidence of apoiar (ACFILMVW, top panel) and turn -promoting 
,DGNPS f bottom panel) residues as a function of position relative to the 
cleavage site for lipoprotein (-□-) and non- lipoprotein (-■-) signal 
peptides. 
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The turn-propensity, both by Chou-Fasman (1978) and mean 
energy (Oobatake and Ooi, 1977) analysis, was found to peak 
in the region downstream of the SPase II cleavage sites but around 
position -5 relative to the SPase I sites, again reflecting the 
difference in the c-region design. 

This suggests that the best discrimination between the two 
classes of signal peptides should be obtained by focusing on the 
c-region proper rather than on averages calculated over the whole 
peptide. From the available data on wild-type and mutant lipo- 
protein signal peptides, it seems that the Cys in position +1 is 
absolutely required (Inouye et ai , 1983), that Ala, Gly and Ser 
are acceptable in position -1 (Pollitt etai, 1986; although 
Ser, | has never been found in a wild-type sequence), and that 
Ala and Leu are strongly preferred but not absolutely required 
i.< positions -2 and -3 respectively. A simple 4 consensus' -type 
search where putative SPase II cleavage sites are identified by 
scanning, say, residues 10-20 counting from the most C -terminal 
of the charged n-region residues (the precise ends of the search- 
region are not important for the results; in known lipoprotein 
signal peptides the distance from the n-region to the cleavage 
site is between 13 and 18 residues) with the four-residue 
consensus (L,V,I)(A,S t T,G)(G,A)C and requiring at least one 
^atch to the first two positions and precise matches to the final 

'O, suffices to discriminate between all of the known SPase I- 
and SPase II-cleaved signal peptides in the entire SIGPEP 
database (a total of some 200 entries, including homologous 
lipoprotein sequences not shown in Table I). 
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the SPase II consensus are not known to be lipoproteins: the 
photosystem II protein WoxA from the cyanobacterium Anacystis 
nidulans (Kuwabara et ai , 1987) and the XP55 protein from 
Streptomyces lividans (Burnett et ai , 1987). The signal peptidase 
cleavage site has not been determined for the WoxA protein, and 
it has sites that are compatible both with SPase I and SPase II 
cleavage: . . .LTA i CSSGPTAA I DL. . . The secreted XP55 protein 
does not have a well-defined amino terminus and could possibly 
result from late proteolytic processing of an initially glycerol- 
bound form as is the case for, for example, Bacillus licheniformis 
penicillinase (Mezes et ai , 1983); the putative SPase II site in 
XP55 reads ...AT A ICS APT... 

Finally, the greater hydrophobicity of the SPase II c-region, 
which effectively forms a continuation of the h-region but with 
a specific consensus sequence, is a hint that the active site of 
this enzyme may be embedded in the lipid bilayer. The SPase 
I active site, on the other hand, would by the same token be 
expected to be located just outside of the bilayer. 
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1. INTRODUCTION 

The mechanism of protein secretion is highly 
conserved throughout the living world. In the great 
majority of cases, secretory proteins are made with 
an amino-terminal extension, a signal peptide, that 
targets the precursor to translocation sites on the 
appropriate membrane. During or shortly after 
translocation, the signal peptide is removed by a 
signal peptidase. 

Signal peptides from bacteria to plants and 
mammals share a common design [1]. The 
'canonical' signal peptide is characterized by a 
short, positively charged amino-terminal region (n- 
region) followed by a central hydrophobic region 
(h-region) and a more polar carboxy-terminal 
region that contains the cleavage site (c-region). 
The signal peptidase apparently recognizes a 
'(-3 - l)-pattern' with small, uncharged residues 
in positions - 3 and - 1 relative to the cleavage site 
[2]. 
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Despite these conserved features, previous com- 
parisons have shown that eukaryotic signal pep- 
tides differ in detail from prokaryotic ones [3], and 
that signal peptides from Gram-positive bacteria 
tend to be longer than those from Gram negative 

,: „i nmtiHps frnm one 

species aiiu, signal — 

organism do not always function efficiently when 
expressed in foreign hosts [5,6]. With the much 
larger database now available, we have undertaken 
a thorough comparative study of signal peptides 
from different organisms in an attempt to define 
more precisely the species-specific variations in 
signal peptide design. 



2. METHODS 

All signal peptides were selected from the current version of 
the SIGPEP database [7], which holds a total of about 200 pro- 
karvotic and 900 eukaryotic sequences. Analysis of the h- and 

regions was carried ou, for signal peptides with know" 
cleavage sites from £. coli (28 sequences), Baallus (16 se- 
quences). Staphylococcus (6 sequences). Streptomyces (6 ^ se- 
quences), Homo sapiens (147 sequences) and a collect or o 
plant signal peptides (22 sequences). In the analysis of the n 
regions, additional sequences where the signal pepi da 
cleavage site is not known were included (31 from E. coh, 13 
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Signal peptide 



Ref. 



Bacillus 
a-Amylase 
a-Amylase 
^-Lactamase II 
Middle wall protein 
Extracellular amylase 
a-Amylase 

Cyclodextrin glucanotransferase 

Cyclodextrin glucanotransferase 

Alkaline cellulase 

a-Amylase 

Levansucrase 

Outer wall protein 

Xylanase 

Subtilisin E 

/^-Amylase 

Sphingomyelinase 

/i-Lactamase II 

Neutral protease 

Amylase 

Levanase 

^-Lactamase 

/^-Lactamase 

jJ-Lactamase I 

^-Lactamase II 

Endo-/?-l,4-glucanase 

Ribonuclease 

Subtilisin Carlsberg 

Neutral protease 

^-Glucanase 

Staphylococcus 
Nuclease 

Exofoliative toxin B 
Protein A 
Enterotoxin A 
a-Toxin 
Enterotoxin CI 
Lipase 

Serine protease 
Lysostaphin 
Staphylokinase 
Lipase 

Exofoliative toxin A 

Streptococcus 

Scarlet fever toxin 

Protein G 

Type 6 M protein 

Streptokinase 

Fructosyltransferase 

Streptolysin 0 

Streptomyces 
a-Amylase 



MFAKRFKTSLLPLFAGFLLLFYLVLAGPAAASA:ETANKSNELT 20 
MIQKRKRTVSFRLVLMCTLLFVSLPITKTSA:VNGTLMQFEW 21 
MKKNTLLKVGLCVGLLGTIQFVSTISSVQA:SQKVEKTVIK 22 
MKKVVNSVLASALALTVAPMAFA:AEEAATTTAP 23 
MKMRTGKKGFLSILLAFLLVITSIPFTLVDVEA:HHNGTNGTMM 24 
MKQHKRLYARLLPLLFALIFLLPHSAAAA:ANLNGTLMQY 25 
MKRFMKLTAVWTLWLSLTLGLLSPVHA:APDTSVSNKQ 26 
MKSRYKRLTSLALSLSMALG1SLPAWA:SPDTSVDNKV 27 
MLRKKTKQLISSILILVLLLSLFPTALAA:EGNTREDNFK 28 
MLTFHRIIRKGWMFLLAFLLTALLFCPTGQPAKA:AAPFNGTMMQ 29 
MNIKKFAKQATVLTFTTALLAGGATQAFA:KETNQKPYKE 30 
MNKKVVLSVLSTTLVASVAASAFA:APKDGIY!GG 31 
MNLRKLRLLFVMC1GLTLILTAVPAHA:RT1TNNEMGN 32 
MRSKKLWISLLFALTLIFTMAFSNMSAQA:AGKSSTEKKY33,34 
MTLYRSLWKKGCMLLLSLVLSLTAFIGSPSNTASA:AVADDFQASV 35 
MKGKLLKGVLSLGVGLGALYSGTSAQA:EASTNQNDTL 36 
MFVLNKFFTNSHYKKIVPVVLLSCATLIGCSNSNTQSES 37 
MGLGKKLSSAVAASFMSLTISLPGVQAAENPQLKENL 38 
MKGKKWTALALTLPLAASLSTGVDAETVHKGKAPT 39 
MKKKVLALAAAITVVAPLQSVAFAHENDGGSKIK 40 
MKKRLIQVMIMFTLLLTMAFSADAADSSYYDEDY 41 
MKLWFSTLKLKKAAAVLLFSCVALAGCANNQTNASQ 
MKNKKMLKIGMCVGILGLSITSLVTFTGGALQVEAKEKTG 
MKNTLLKLGVCVSLLGITPFVSTISSVQAERTVEHKV1K 
MKRS1SIFITCLLITLLTMGGMIASPASAAGTKTPVAKN 
MMKMEGIALKKRLSWISVCLLVLVSAAGMLFSTAAKTETSSHKAE 
MMRKKSFWLGMLTAFMLVFTMAFSDSASAAQPAKNVEKD 
N I N K R A M L G A I G L A FG L LA A P I G AS A KG ES 1 VWNEQ 
N1PYLKRVLLLLVTGLFMSLFAVTATASAKTGGSFFDPF 



41 
42 
43 
44 

45 
46 
47 
48 



MAISNVSKGQYAKRFFFFATSCLVLTLVVVSSLSSSANArSQTDNGVNRS 
MDKNMFKKI ILAASIFT1SLPVIPFESTLQA:KEYSAEEIRK 
MKKKNIYSIRKLGVGIASVTLGTLLISGGVTPAANA:AQHDEAQQNA 
MKKTAFTLLLF1ALTLTTSPLVNG:SEKSEEINEK 
MKTRIVSSVTTTLLLGSILMNPVAGA:ADSD1NIKTG 
MNKSRFtSCVILIFAHLVLFTPNVLA:ESQPDPTPDE 
MKETKHQHTFSIRKSAYGAASFMVASC1FV1GGGVAEANDSTTQTT 
MKGKFLKVSSLFVATLTTATLYSSPAANALSSKAMDNHP 
MKKTKNNYYTRPLAIGLSTFALASI V YGGIQNE 
MLKRSLLFLTVLLLLFSFSSITNEVSASSSFDKGKYK 
MLRGQEERKYSIRKYSIGVVSVLAATMFYVSSHEAQASEKTSTNAAA 
MNNSKIISKVLLSLSLFTVGASAFVIQDELMEk 



49 
50 
51 
52 
53 
54 
55 

56 
> *~ 

58 
59 
60 



MEN'NKE VLKKM VFFVLMKFLGLTILPKGIC:STRPKPSQLQ 61 
MEKEKKVK YFLRKSAFG LAS VSAFLV GST VFA:V DSP IEDTPI 62,63 
MAKNNTNRHYSLRKLKKGTASVAVALSVIGAGLVVNTNEVSA:RVFPRGTyEN 64 
MKNYLSFGMFALLFALTFGTVNSVQA:IAGPEWLLDR 63 
METKVRKKMYKKGKFWVVATITTAMLTGIGLSSVQADEANSTQVSS 66 
M S N K K T F K K Y S R V AG L LT A A L 1 1 G N L VT A N AES N K Q NT AST 67 



MARRLATASLAVLAAAATALTAPTPAAA:APPGAKDVTA 



68 
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SapA 

Streptavidin 
Agarase 
DD-peptidase 
a-Amylase 
Cellulase 
EndoH 
^-Lactamase* 
^-Galactosidase 
Protease A 
Protease B 
XP55 



Yeast 
a-Galactosidase 
Acid phosphatase 
Carboxypeptidase Y 
28 kDa killertoxin 
Invertase 

Mating factor a-\ 
PEP4 

Mating factor a-2 
BAR1 
Kl toxin 
Glucoamylase 
Killer plasmid ORF2 



mrikrtsnrsnaarrvrttavlaglaavaalavptak^^prtfsanq « 

MTARRTRWTRRTDRSLPIRSAAAAVAFAAGATACSAPTGGGGDGGTEAAE 79 

MFAFYFLTAClSLKGVFGiVSPSYNGLGL 80 
MFKSVVYSILAASLANA:GTIPLGKLAD 81 
MKAFTSLLCGLGLSTTLAKA:ISLQRPL __ 82 
MKIYHIFSVCYLITLCA:AATTAREEFF 83 
MLLQAFLFLLAGFAAKISA:SMTNETSDRP 84 
MRFPSIFTAVLFAASSALA : APVNTTTEDE85 86 
M FSLKALLPLALLLVSANQVAAKVHKAKIYKH 87 
MKF1STFLTFILAAVSVTASSDEDIAQVPA 88 
MSAINHLCLKLILASFAI1NTITALTNDGTGHLE 89 
MTKPTQVLVRSVSILFFITLLHLVVALNDVAGPAET 90 

MVOUCNPVTim«Q«^™^O^i^ J 



Known signal peptidase 1 cleavage sites are indicated by : 



from Bacillus. 6 from Staphylococcus, 6 from Streptococcus, 1 
from Streptomyces, 12 from yeast, and 9 from plants). The se- 
quences from Gram-positive bacteria and from yeast are listed 
in table 1. Listings of the other samples can be obtained from 
G.v.H., who also distributes the S1GPEP database in Macin- 
tosh format. 

Statistical significance was assessed by x 1 and two-sided /-.est 
analysis. 

3. RESULTS 

Cumulative distributions of the overall lengths 
of the different signal peptide samples are 
presented in fig.l. There is a clear gradation from 
the short Homo and plant sequences (mean length 
= 22 5 and 23.9 residues) and the E. colt sequen- 
ces (mean length = 24.1) to the much longer signal 
peptides from Gram-positive bacteria (mean 
length = 29-31). The differences in mean length 
between these two groups are statistically signifi- 
cant (p < 0.005 by two-sided f-test). 

3.1. The c-region 
Fig.2 shows plots of the incidence ot 



hydrophobic (Acnuviv) <u.u f-- ~ 

(DGNPS) [8] residues when the different samples 
are aligned with coincident cleavage sites The 
mean c-region length, as read off from the figure, 
is five residues for the Homo and plant samples, 
six residues for the E. coli, and eight residues for 
the Bacillus samples. For Staphylococcus, Strep- 
tococcus, and Streptomyces, the number of signal 
peptides with known cleavage sites is too small to 
make reliable estimates of the c-region length 

As for the cleavage site, the ( -3,- l)-rule is 
faithfully obeyed in all samples (not shown). 

3.2. The h-region 

We define the border between the n- and n- 
regions as being located immediately after the most 
C-terminal charged residue in the n-region. In 
some cases, this residue is followed by one or more 
uncharged but polar residues before the firs 
strongly hydrophobic residue is encountered, but 
for simplicity we adhere to the above definition in 
these cases as well. In practice, this will not matter 
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Fig.l. Cumulative distributions of the overall lengths of signal 
peptides with known cleavage sites from different species 
[Homo (O), plants (■), Bacillus (A), Staphylococcus (A), 
Streptomyces (o), E. coli (♦)]. 



for our qualitative conclusions and will have only 
a minor influence on the mean lengths and amino 
acid compositions calculated below. 

For the combined h- and c-regions, we find that 
the total mean lengths are 17.6 for Homo, 20.0 for 
the plant sample, 18.2 for E. coli, 21.8 for 
Bacillus, 23.0 for Staphylococcus, and 24.5 for 
Streptomyces. Subtracting the c-region lengths 
found above, we thus calculate mean h-region 
lengths ranging from around 12 residues (Homo 
and E. coli) to 15 or more residues for the Gram- 
positive signal peptides. In terms of overall amino 
acid composition, the eukaryotic h-regions are 
relatively rich in Leu (40%) and contain less Ala 
(10%); h-regions from E. coli and all the Gram- 
positive bacteria contain 25-35% Leu and 10% 
(Bacillus, Staphylococcus) or 30% (E. coli, Strep- 
tomyces) Ala. 



c 

o 



o 

03 




-15 -13 -11 -9 



Position 



ijj rescues Bacillus, (C) Homo, (Dj plants]. 



Ser (i 
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only 
nino 

that 
Ofor 
for 
> for 
igths 
:gion 
r omo 
ram- 
mino 
; are 
; Ala 
ram- 

•trep- 



- Pro r 

■oii. (B) 



„ S on Mow similar .rends, with the Homo, 

Sge i^lTZU around. + 0.< j£« -r,, 
„g ,„= amino group on .he tnma.or Met MtaE ■ 
„;; sumole being intermediate (5.5 residues, 

?t e cS nd 8 ; 2 t tL n-regions 

! y £ oL and Streptomyces are par- 
cuTarfy long (12 residues) and have mean net 
charges of +4.3 and +3.5, respectively 
• in terms of overall amino acid composition, he 

Lys in this region. 

4. DISCUSSION 

As demonstrated above, there are indeed clear- 
cui differences between signal peptides from 
£ious species. In particular, 
nemides tend to have shorter n-, h- and c regions 
ha bacterial signal peptides, and among he - 
L ,ho S e from Gram-positive bacteria generally 
have'lon 2 er n-. h- and c-regions than tnose „ U u. 

he different species. It is less obv.ous what may 
cause th differences in the n- and h-regions A 
staple explanation would be that differences in the 
S composition of membranes playar ^; 
Thus £. coli membranes contain more of the ^ 
Snic phosphatidylethanolamine and le of 
neaativelv charged card.ol.pm than, for example, 
Bacillus and Streptomyces [10,111- 

E aryotic signal peptides have more hydropho- 
bic h-re^ions than those of bacteria (more Leu and 
less A a) The n-regions of the eukaryotic sequen- 
less Ala), nc b 30%) but appr ox- 



„ mKO are distinct from all other signal peptides 

ZL thei, n-re 8 ions are much longer an 1 co am 

,u Arc f~30%) but almost no Lys p /«; 
much Arg ( 30Vo) ^ ^ 

residues (p < ™ )- u . , h hieh 

peculiarities result, at least ,n par . fro«r the high 
G + C content of these bacteria (-70 75 V.) an 
the fact that lysine codons are GC-poor ^ AAA, 
AAG) whereas arginine codons are GC-ncMCON 
AfiA AGG) However, mature cytoplasmic and 
^ceUr P roteins from SW"$S*7Z 
about the same percentages of Lys (3*) but only 
6-7% Arg (not shown). Possibly, Arg can tunc 

equal ease in the mature parts of proteins 

Nevertheless, the excessive lengths of the A g 
rich n-regions from Streptomyces could be an m 
dicatLn that Arg may be in some «s e ^ 
cienf than Lys in signal peptide n-regions, making 
cieni ma j reeions to be longer and/or 

it necessary for these region* 

h^ loS; ^length 5, restdues 
^.b-nc.™.^^^ 

^nntammg OlieS ( 1 U v /0 vi i u > F ^ 

Utr'uT'for" h-regions from ^'P'^J^Z 
o„s from other b^a, r; es, f . 

;;,4i?ehaU residue, it tends jo be partM a 

, ack L v, in this region; also out °f«.e « t 
s e q „e„ C esa„alyzedb,re.on> o la^ »t K 

"reLS^de'.a'ntgofthedtfferencesintbec- 
j££ «P«=iallV tmportantwhen secretory Pr ; 
terns are e<pressed ,n foretgn hos s Al.houg ^ 
( _ 3 _ n-rule seems to be valid tor ai or a 
'Je than one site compatible with ^ ^ 
exists in the vicinity of the normal ^5 
is therefore interesting to note tnat 
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C3 




Fig 3 Length and net charge (= /i A „ + n ly > - « Aip - /i G .«) distributions for the n-regions of eukaryotic signal peptides that contain 
lysine (shaded bars) or arginine (unfilled bars) as the only positively charged residue. 



cleavages have sometimes been found when signal 
peptides from Gram-positive bacteria have been 
expressed in £. coli. Thus, when cv-amylase from 
Bacillus stearothermophilus was expressed and 
secreted by £. coli, a large fraction (40%) was in- 
correctly processed [12]. The aberrant cleavage 
took place three residues to the amino-terminal 
side of the normal cleavage site. This is what we 
would expect from the data presented here, namely 
that £. colt signal peptidase I seems to cleave 
preferentially six residues after the end of the h- 
region, whereas the corresponding proteases in 
Gram-positive bacteria seem to prefer a slightly 
longer distance from the h-region (7-9 residues). 

Another example is provided by the major outer 
membrane lipoprotein from E. colt, which is nor- 
mally cleaved by signal peptidase II. A mutant 
lipoprotein signal peptide that is not recognized by 
this peptidase is nevertheless cleaved by signal pep- 
tidase I when expressed in E. coli and yeast; 
however, the cleavage in yeast takes place four 
residues upstream of the £. coli cleavage site [13]. 
Generalizing from these examples, we anticipate 
that some eukaryotic signal peptides will be found 
to be cleaved downstream of their natural cleavage 
site when expressed in bacterial, and in particular 
Gram-positive, hosts. 

A phenomenon of considerable biotechnological 
interest has recently been shown to be caused by 
the use of a heterologous signal peptide [19]. When 
the signal peptide from staphylococcal protein A 



was used to secrete proteins in E. coli, the mor- 
phology of the host cell was affected and 
periplasmic proteins leaked out to the growth 
medium [15,19]. A similar 'leaky* phenotype of 
the host cell has also been observed when other 
Gram-positive proteins have been expressed and 
secreted in£. coli ([14,16-18]; Nygren, P. -A., per- 
sonal communication). Whether this effect was in 
all cases caused by the foreign signal peptide is 
unknown. In the light of the results presented 
above it is, however, tempting to suggest that this 
phenomenon is caused by a 'mismatch' between 
the signal peptide and the £. coli translocation 
machinery, resulting in a pleiotropic secretion 
defect with secondary effects on the structure of 
the outer membrane. 

Acknowledgement: This wort was supported by grants f:or.: 
the Swedish Natural Science* Research Council. 
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SIGPEP: a sequence database for secretory signal peptides 



tzzt*x^ — 

S-100 44 Stockholm, Sweden 

Many proteins, made ^g^^SSSS 
cells, are secreted across **^^ZL with cleavable 
tar space. Such proteins a e p» «J ™ ces> sig . 

N-terminal extensions called . 0 } the prot ein 

nal peptides, or ^ P^^EJX have 
export machinery and the ^5"^ and con- 

been extensively studied over th pa* 1<M 5 y ^ ^ 
siderable progress has been made bo A m „ 

d^««i^^^^ (see [I, 21 for 
determinants inherent in tne signal 

rC 1„ W t note, 1 describe a ffig^gSZZ 
Database for Secretory Signal Peptide^ S1U r ). ^ 
o-k-rvntic and eukaryotic signal peptides uw nM . 
P' 0 *- y ~" ■ , :„ t v,» qtndv of their amino aw Ab- 
used extensively in the st managed using the 
characteristics 12-4). The » "^ppfe ///, and 

Appleworks pr ogram runmng on App HJ^W ^ ^ 

SJSir? ESS^t on standard Hoppy 
sequence indicates the point of cleavage oc 



Physics, Royal Institute of Technology, 



yotic and 503 eukaryotic entries, rougniy 

quences Escherichia c \^\^^ iyz plant and 33 

Many of these signal peptides can oe > 

sornfwoV from f-SX ^" 
tions, such as the Nation* B'^^ 1 Re ^ c ^ large 
tion Protein Sequence Databank \% Howeve 
databases are plagued (1986) 
yet entered, going back some 1 2 ! years £ v 
232:1599). As is clear from * JJ^, any one 
as 50% of the data ^ ,,ab ^/" ^Sted collections, 
^^G^^pTWowSSf i. probably not 

£S ^ — the overaU expo ' 



Speciea guinea pi« 

Protein type plasma hormone 

insulin 



Protein 
Notes 
Author 
Journal 
Year 
Volume 
Pages 
Sequence 



k r in -3, not N as repo 
cDNA , n.b. G in •> . 

Watt.V.M. 

J.Biol. Chen . 

1985 

260 

10926-10929 

MALWMHLLTVLALLALWGPNTGQA*FVSRHLiCGSN 



rted in PNAS 81,5046 



F.g. 1. ^ tyP^al Sequence Database for 
Secretory Signal Peptides (SIGPEP) 

Vindicate, the posmon 

of the cleavage site between the s lg nal 
peptide and the mature protein 




available. 



1977 w n of SIGIW entries as or July 1986 

2. Year-by-year distribution of Murtr 
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Net N-C Charge Imbalance May be Important for 
Signal Sequence Function in Bacteria 

Gunnar von Heijne 
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S-100 44 Stockholm, Sweden 
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show that prokaryoui j, possibility that a mpoiw f si al 



1. Introduction 

t- in both prokaryotic and 
Protein «P? rt . "J^./n -terminal signal 
eukaryot.c cells is in.t ated *J 
sequence that routes the protem 

pathway. The signal sequence n theoretical 

intensively by ^^f'^'et al, 1985; 
means over the past «J^ e , east three 

Oliver, 1985; von Herjne, IWBa ^ j have 
structurally and faneUojjg « g 
been defined: » P^J* t0 fi g ve residues long, 
region ln-repon>, W aUy » hydrophobic 
a seven to 15 residue long fiye t0 S1X 

core region (h-region). andj^ yp ^ (c . regi 
residue long more polar C-terrnm * iQn of 
von He.jne, 19856). Generally, the m often 
charged or polar aerations in the c- 

greatly reduces ^^^X efficiency of cleavage 
region primarily influence <m n (yon 

Heipe, 1984a). W * ^ ^ 
affect export, at least l " 0 funct , on relationships 

1985). The precise true u « und erstood. 

behind the observed effects £ P ntion t0 a new 

In this paper, 1 wish to d » 8trong ,„ 

sequence pattern that" P mj ht help 
bactenal signal sequen es J 

explain in more de^ t h ^ ^ des 

2. Methods 

n A 165 eukarvotic signal 
A total of ^ P-^^a" s>tl chosen from my 
sequences with known tlea»ag 

0022-2836 i -86;220287-04 $03.00f0 



collection of -|nS^>^ 
some 80 prokaryotic and 430^ukary ^ ^ 

to include any h.grdy h «° jon net c . 

analysed with regarded to net n g ^ the 

regi „ y n charge (including from 0 tcMO 
mature sequences), and net N ^ ^ ^ _ J} _ A]go 
(counting Arg and Lys « j^. homologous 
the full prosar,— - - c i ea vaee sites preaicieu 

sequences and sequences w h c,ea g^ ^ ^ 

according to the ( J. ' ana lysed similarly. 
1986 : a total of 81 entr.es har ^ e attributions 

As controls, theoretical ne^ c n g ^ 
expected for mature sequences w th exported 
frequencies as in soluble proems in g ed frQm 

bacVial proteins totalling ^ 7$ 0|indation Protein 
the National Biomedica Resear h . 0 -l 8 

Sequence ^ eukaryotic ammo acid 

frequencies as given °> l7) have been derived; 
f = 0117 and/ Ar8 + Ly» hacterial 5-residue 

{Tthe expected frequency .of all bact« ^ ^ 

segments with a net J'^, x 10 .118)*. etc. The 
respectively, (0-U8) S & " d net N-C charge differences have 
exited distributions »* N £ ^ n 

been calculated by weighting tne ° heorellca l C-terminal 
charge distributions with , ^ valueg have 

charge distributions cakuU^ abo 

been compared using a 2-s.dea 



3. Results 

„«„ ,mpr,..t.d ,n th prop.' ^ >o t h . 

287 , 9 1986 Academic P«. Inc. iLondor.) Ltd. 
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Net C-lerminal charge 



Mature res*«s eluded 



with net positive and net «gj» ftn additional 

including all residues - ^^^ pr0 Uin. Filled 
zero to 10 residues from *e square s: 
squares: eukaryotic PJ 0 ^ ™. 
prokaryotic proteins 



observed (open squares) net L term , = 41) , 

the mature protein. 



simll ar, -though ^Jf^bSS in 
region charge S attention has 

eukaryotes (von He«n e WW ^ rf cha d 

been paid so far to the umboi of the 

residues in the c-reg.on and the early p 
mature protein. sequences has now 

The number of h^n -^^ detailed 
increased sufficient., " " for prokaryotic 
statistical stud.es ^J^ q[ charg ed residues 
proteins. In P^" 1 ^^ sit * less obvious 
in the region around the t occurre nce of 

to the eye than the nearly nn,ver V be exp i or ed 
lie revues in the , n-jg-J ^ ^ of charged 
and, as •^.^Siffend of prokaryotic 
residues around the O-ternu n d 

signal sequences ^m*!™™ and itive ly 
Wd, the incidence of r^at.ve ^ few 

charged residues m t « . g fact ahn08 t 

positions in the mature se q n-region: 
^ inverse of that - ^ 8 ^ *J duc8 ar e scarce 
acidic residues abound and basK r ^ c . 

(Fig .l), results mmo^sin^ ^ 

terminal charge e3 P eC, *" y (The me an net C- 
prokaryotic sample (Hig-*)- . v distri bution m 
ferminal charge calculated or the ^ ^ 

Fie 2 (-0-66) is signifies ntlv ™ . , lion ( _ 0 -09; 
vie expected for ^ »^iSS 
P < 0 001), whereas the correspo » , ower 
distribute has on y • «W^ y t S random one 
mean net charge <-°^> ition +2 in the 

(+0 0- P < 0-05).) In particular, p . biased 

mWre Prokaryotic se q ujc- ^trongy ht ^ 

towards negative y^J^ single Arg or Lys 
(20%),n.neGlu(22, o ),a her on iy five 

observed in the "ample. Aiwg , e wlth 

sequences, versus an expected 11 



general (see Method.). ha™ ^ the mature 
Lminal charge whe . fi« ^ ulation (Fig . 2). . 
chains are included the ™ l h aed residues in 

This skewed d^buUon of ch g^ ^ b 
th. C-terminal regpor i adds to ^ ^ 
towards Arg and Lys res* karyotic signal 

region and gives the typic P x fac t, 

sequence a highly dipoUr P*.^ f . M et » 
...1 if we assume that ine^ ^ ^ charge 
Ruined and hence does no* «, ^ in 
( von Heijne, 19846), 40 out ot ^ chafge 

ihe okaryotic sample hav« ^ 

difference A N -c > 0 ( c * lc " . not ver y critical, cf. 
residues included an d the remaining 
Kg. i, and is used througho J, ^ ^ ^ 

one phoA, has &n-c - u ; ^ ■ Figure 2 and the 
Germinal charge ^^^ge distribution for the 
observed net N-termina charg ^ find f 

prokaryotic sample, one wou ^ wit h norma 

sequences with A N ^ * " c . term inal region. For 
amino acid frequenc.es «n the 0 

th e full 81--q« en ;- e lcu P r °: n ^ ve s eight expected 
Methods), a s-dar ca'cul jUo g^ = q ia the only 
sequences; again, pnoA 



one found. 

4 Discussion 

The ob^.«- r ^^S-^ 

Asp and Glu residues in the imm 
regton of mature ^f^^.tion + 2 relative 
being particularly marked in P felaWd 
J Thesignal sequence ^^However, it h- 
primarily to the cleavage reac io ^ for 

Ken shown that posit^n | Heyne, 
Ala in prokaryotic s.gnal pep 



SpaZ Sequence Charge I mbalance 



289 



phoA * nuclease 

wt MKQSTUUaPaFTPVWKTPBWBI.-. 

tATSTBOKE— 

PFOG403 

RATsrmflic-.- 

P F0C l »06 " 
^-Lactamase - insulin 

Mt MSIQHFRVAUIPFFUFCLPYF^HPEnJKVO-.. 

•HPUffOKPi... 

i25/-7 

•HRCSEKFAQ. . • 

124/-7 

pJW21?2 AUULWCPDPAAA»Fn»ILCC... 



100% 
lOOt 
0% 



100% 
50% 
50% 
100% 



0- Lactamase ♦ tpl 
pT02 MHQHrEVALmrttFCLFWCHPSaW™- ">« 
MAPRKFFVGG... °* 

pTSSl 

ppRKFncai... °* 

pTSS2 

show homologous rescues, wt. wild type 
of export is given at the right. 



1984«), po-ibly reflecting = 

thus, position +2 18 e ]ose to the signal 
introducing an Asp - Glu^close^ ^ ^ 
sequence V terr™ , (m 

that have nothing to , ^ * th charged residues 
prokaryo^s but not m euk ryote* charg 

seem to be avoided in the c ' ^ ^ effect on 

A more intriguing poejabdrty th« 

cleavage is that the V™^« ^ differe nce 

andt uSS r-JSof the signal 
between the N and t^nn™ 6 d non . 

sequence If so we , sho Id ex^ ^ 
functional signal sequence , m of d 
such an imbalance and in * n (Fig . 3). 
candidates can be found ^^JJ is the 
As noted above, phoA trom a has a 

onlv example found so far wit one in 
single Lys in the "-region. «>d « » & ^ _ n 
position -2, followed by -n Ar , u + 1 to 
F +4 . This signal sequence was ^ rece " y nuclease , and 
mature part of ^^^0^ cleaved 
was shown to induce export of a «> - & single 
product in E. coh (L.ss el I oi 1»» intro duced 
Are (as found in the normal phoA) 
Seen the s lg nal sequence and th» a 
however, export was ^i*'^,* presented 
possible explanation based on he resu P ^ ^ 
Ire might be the absence in the beg D 
nuclease sequence of the Lgatfve A N -c value of 
residues to counteract ttie ne^ 
the latter construction. «. lacta mase signal 



j £ coli, has been described 
and expressed in ^ han d aL 1981, see 
(Talmadge et al. ct signal 

Fig . 3). Here, are seC reted poorly 

sequences but with A« functl0n 
(50%), whereas aU w it^ « by 

we ll, even when half oi the n K 
the insulin signal sequence P^" > re ^ secrele 
It is even possible th at ti n nQn 

chicken trio* P^^' he aid of a 

exported enzyme) from (Kadonag a el 

modified P-l«t»™" e ."8 n t''2rte part, to th. 

,984) Tf^rg and onetys amLg the first 
occurrence ot one Ar S_ ' 

five tpi residues (A N ^ - ■») c . term i na l charge, 

lUth^thanincj^ngU-™^ ld 

decreasing the net t . Results 

similarly have » , advaj efl* t» ^ ^ 
on the secretion of E.coli up J charge „ 

with this idea: when the N term ^ as 

reduced such that A*c e ^ uk J, oZ „ 1983 ). 
svnthesis) is ^nsly m hitated_l , acement in 

A famB mutant with an Arg v [n 

the n-region, bowever » - ^ . n 

but does "Ot appear to fvj.^ = +2 . 
per w Hall et al., 1WM). ln d reversions in 

? Finally, a number of ^^^tregion have 
and around the *^ e " ¥ig . 4 ). From the 

been isolated over the SJJJ^J t hat positively 
present perspective, it is note J mQre 

barged residues seem J°J*J; c . J min al end 
efficiently when placed towards 

of the h-region (eg. ^ J seems to hold 

Leu. 17 - ^^ e Tr2Z2<^* Ala. 16 - G»« 
for negativdy charged rescues (^ 

versus iyp ofl -" 7 J a " n rP tolerated in posuion - 
that both Asp and Arg are to er ^ be 

in JamB when Glu.« ' » n f nine -re S idue long 

explained if we assume that th M 
non-polar stretch -18 to polarity) in the 

h-region (with the correct charge p ^ 
Asp", mutant as can h . ^ rge 
between -8 and +1 (»B»™ A similar explana- 
polarity) in the Arg_ 9 m « tanl . ffi 18 -1 and 
Sn may be advanced for tlj ^ ^ phe 
19 _1 revertants shown both t may 

and the 19 - \ h fZS^A h-regions with correct 
create marginally f^Ser cregion of the signal 
charge polarity in the former c B thatof a il 
sequence. It is inte«ung toj n«* ■ J X t for 
the maffi revertants tested wh 
reversions back to wild'type) on ^ ina , slde 

possible h-region .created ^ through 
of the Ala. ,j W« d thus giving rise to 

correct charge P olant J'.^ g an e( ol ., 1986). 
export and processing t R>an et many of the 

It should be stressed, howeve ^ ^ been 
point mutations and deletio f , n 

Isolated do not directly in^ 3econ dary 

the se cases ^ r ^ e , eems the most likely 
structure of the ? .gna pept j^- 
ex planat,on (Bnggse aj 1985). ed ^ for 

In addition to tne 
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UmB 



malE 



wt 



E 

K E D K K K 

r R RRRREDDDEERER DR RD 
M^TLRKLPLAVAVAACVMSAQAMA'VDFHGURS. 

so 00$) 

D 

D 

D(<5$) 
E(<5$) 
E(<5t) 
fl(>96$) 
D( >9&%) 
R(<5$) 
K(<5$) 



EKEKD KKKK 

RU90$) 
E(50$) 
E(20$) 
K(HOt) 
RC<5*> 
R<<5$) 



100$ 



100$ 



13-1 

revertant 
19-1 

revertants 



AUTTRHFSASALAKIEEGKLVIWI... 
F 

..ALTTMRFSASALAKLEEGKLVIWI.. 



<5$ 



<5$ 



phoA 



wt 



EK KE 

E(<5$) 

R(<5$) 



100$ 



Ipp 

wt 



MKATKLVLGXVILGSTLUG.CSSNA.dDQS... 

D(i80$) 



mutations involving subs 0 b 0Uver , 1M 5). 

charged residues <*° m * J^^ at the right. Above 
The efficiency of export .. .indicate ible 

the wild-type ^^^Jj Evolving only single- 
mutations to charged ^\^ TXS t indicates the 
nucleotide changes are shown. An as 
cleavage site 



siderable contributor i to he net v ^ q{ 

the peptide may be provided > when m a 

the individual ^P 4 '^^^,^ approximately 
helical conformation, amounting P^ ^ ^ N 

half an addition J positive cha 8 P ^ at ^ 

terminus and hall a n g 

C terminus (Hoi, 1985) . potentially helical 

h ^TS'^S* -3 ****** 



between this dipolar structure and the membrane 
potential (negative inside, positive outs.de) can be 
ESoned. l g n th.s respect, it is perhaps + «gmn«urt 
that export of ^-lactamase, with A N . C - + A * more 
. tive to reductions in the r mb ™ CaTt 
induced by CCCP (a proton .onophore) than , 
export of the iwK-protein. wh.ch has A N< - +4 
Panels et al, 1981). The likely absence of a 
Semembrane potential aojj j the ^endoplasmic 

explain uie i» terminal region found 

charged residues in the L -terminal i s 
above for the eukaryotic signal peptides. 
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.mino-termlnus, a JJjIfE vTbeen introduced 
Ceavage domain. "^JS sequence of the 
into the cDNA ^'"^rathyroid hormone to 
mammalian V^£ff£*J signal cleavage 
analyze the roles flayed by we re con- 

domain in six-residue propeptide 

structed, missing the , enwjw 
sequence and several res-d ues ^ 0 „ 
ag edx>n«in.TheeHectsofthe , n 

nal function were ^ a * 8 f Ascription-linked trans- 
clonal cell lines and in a £ a " sc J 8igna , cleavage 

domain resulted in reduced ^tra ^ 
cleavage. *-*^££S Converted the signal 
o, the signal cleavage , ^ ^ no nhydro- 
in to a membrane anchoj s ^ f * e sig nal sequence 

phobic ^ ue ^" * translocation, cleavage, and 
Ls crucially aHe^*e^»«oca 

membrane-binding P'^T 240 _ 2 50, 1989) 
(Molecular Endocnnology 3 



INTRODUCTION 



AUeukaryoticsec^^^^ 
the cytoplasm unattached 0^ 
terminal peptide extension^ ^ mbrane 0 , the rough 
directs the nascent chain ^^ unctional importance 
endoplasmic reticulum ^ establiS hed through 
of the signal sequence has Dee 

0^e09,89,02*0-<>250»2.00,0 



■ e charactenzation of 

o, the signal played by the s#*J 

strated. the «^^LEri»Y P» ,s (are) 
directing proteins into tne 

ffJU ^ W o f 0 f the secretory pathway cant. 

?RP> W. l^r^rnbrane of the ajdo- 
docking prote*) Models have been proved 
olasmic reticulum. ^Translocation process. The 
fofme subsequent inserton-ua^sl 

nascent protein may ^.^oj^nees may interact 
£sj; alternatively s*nal sequ^ ^ stfuc . 

dSTiw" the lipid *yer^^S?a conformation 
SfS *• "ascent chain ^ 
energetically competent l ^ pro teins to mem- 
ST W- W *** subsequent Prote-n 

hranes requires GTP p. b cleavage of tne 

S nSad anchor «• P^X" the discrete 
nto the membrane. ,nte ^X of attached sequences 

peptidase. 
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Sign* Oeavage Do^n batons 
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. ^ «muences of many signal pep- 
Compansons <*W»J«n^ ^ amino acid 

tides have revealed ^2^riSr« structural similar- 
sequence, but have re^dstnk^s funct . onal 

it ies among s^gn*^ d S ^SS. Three distinct 
importance of tte cweemo ^ 
domains have own ncjeWI^ ^ 

charged ^r'^SSi^ a non-a-helical 
core o« 10-15 amino acid residues, anu 
signal r^tida S e ci e av^a.n^ jn 

The funeral '^P^^^^trated by char- 
the signal sequence has beer a t 
actuation of mutant ^^^ ans ^o, of 
the amino-term.nus ^aco/i membrane (16). 

lipoprotein through ^E***™" fences in the 
Charged residues or «^ea^seq otic 

hydrophobic core also ^ ™^ teavag e site can 
proteins (3). Alterabons nea ^the dea g 

Ssrupt signal P"P"££J^^ might in- 
The putatively non -^^?T may allow signal 
trod uce flexibility ™ sSure near the 

peptides to adopt a loc£ orhain^ ^ 
Sgna. cteavage^e^^^' $wWe ^pro- 
figuration has been P^V int0 the membrane 
priate for insertion of the P^*™ nate subst rate 
03.21^^»« , r^ n ta a 2StD analyze the 
to the signal P^P^Jf^anal^eavage domain of 

a eukaryotic signal *^ , Drepro parathyroid hor- 
sequence of cDNA en ^.^Z r oPTH, the pre- 
mie (preproPTH) in fl. amin " 
cursor of PTH. a six-residue 

* 0 ^rinal atonal sequence, woweu uy 

prospect P^^^bSTetaned and ex- 
mone. PreproPTH cDNA has exVacts in 

pressed in clonal cell ^^'^ ,„ the present 
*e presence of ^osom^mb^anes ^ 

study, we have ^J^^ d the last several 
the entire propeptide seo^ence ch aracterized 
residues of the sign^seque^- mutatjons ^ 

the phenotypic ««J2S from the signal cleavage 
show that removal of * d tein translocat.on 

domain can affect th«effio«ncyO a P sequence 

and cleavage. Further. ^^Jm anchor 
of one mutant was converted into a m ^ ^ 

sequence. The r**"^^ **e predicted 



RESULTS 

Construction of Mutant PTH Precursor cDNAs 

The «^^^S^cSK S 

Jiasmid pPTHALl . Pf^^^ the prospecific 
codons encoding the J"^*™^ (Fig . 1B). The 
sequence and the mature PTH sequence 



free ends were P*^^jS^ 
exonuciease, and * e ^;^tide linker to the 
.gated with a JfJ^STSS resulting mutant 
intact mature PTH sequence ^ Qf tne 

encodes a protein missm g helast from the 

signal sequence l^^Tdeevage domain), 
hydrophobic core and the comp fes . 

and the entire P'^'^f s % e tic linker, join the 
iduesprc^gly. encoded by the sy pJH 

signal sequence n phase) to^ explo|te(j 
quence. Construction of i the > seco ^ m 

convenient «^ < 2S^Ue (highly homol- 
the bovine preproP™ sgn ^ and at the end 
ogous to the human ^^S'prepioPTH (Fig. 
oTthe propeptide ^%^™ 0 ?*e fragment^ 
1B) . Af ter cleavage and separa Qf ^ 

the fragment ^'^J^ted directly to that 
bovine signal sequence. The re- 

encoding the mature contains an 

suiting mutant, called P PT ™\f missing the last three 
intact hydrophobic core Jj*^ ^ as the pro- 
residues of the ■2*?' 0l both mutant PTH 
specific peptide. The ^sequence o ^ ^ 

cDNAs were confirmed by DNA seq 
chemical niethod (29). jnserted in t 0 two 

The mutant PTH ^were 
expression vectors « ret ^ tmct ana iogous to pZIP- 
studies in intact cells (a «J«™ e) , and an E. 

ne oSV(X)1 (30). ^ ^ em . 

col/ expression P lasm,d n £,:"ked translation assays, 
ploying cell-free transcnption-l^ked tra ^ 

Kese constructs « "^^S cDNA were 
lines stab.y «■* recombinant re- 

obtained by rtechm o. -a-J ate o Dy 

trovirus conta.n.ng , the mutant c 01 _ base d 
transfection of *-2 ^S mutant PTH mRNA was 
constructs, transcr.pt.on a f the ^mut £ ^ RNA 

directed by ^%£ZS£ condittons (33). the 
j^'tlSSR S« retculocyte lysate. 



Pressing of Mutant Precursors in OH.CClona, 

UneS ^ 

The two deletion "^i^^StC, 
for defects in prcx^ssing^s^ ^ expressing 

cals Pulse-chase analyses oi precursor 

we re performed^ ^ s J^^,, for various times as 
methionine for 1 5 am f^^L were immunopre- 

Hsted in Fig. and visual- 

cipitatedfrombothceinysatesa 

iz P ed by IfciorogngJ ln the AL2- 

(SDS)-polyacrylam.de elecvop p imrnu . 

Unsformed cell ^J^^t^*^ 
noprecipitated from cell e *^ w 2A 2) base d on 
for P the uncleaved P^J^^l, expressed in 
comigration with P^..^^ contrast, labeling 



Vol 3 NO- * 



MOL ENDO -1989 
242 



A 



J-e £12 111 f _<ll«<i4- 

. ... ■*( lU l ** _ 4TT gTC fcTC TT^ 
ATC ATA CCT CCA 

. T^T" - - s s s » « s - = 



B 








AL 1 and preAL2. The 



inserted imu - 

intact precursor at the p4). Ren*K- 

signal sequence was •"**^ tabto intracellular*. 
aSy . the AL2 precursor was qMjes Radiosequence 
tttto changed atter 3 h o^J JJJ pro tein iso^ed 
analysis of newly synthesized ce ^ ^ , ^ 
from a gel confirmed thati wpj> ? ^ and 14 
methionine residues at portions 



expected for the 
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T 9 3 4 5 6 7 8 9 10 

• , rw-«i GHXi Cell Lines Ex- 
Rg . 2. Pulse-Chase An*»^ Ge nes 
passing AU and AU> fo r 15 min and 

^ Cells were pulsed wrth ^ rttoted ^ 

chased with nooradtoactwe rnett^ ^ immunopr e- 

(in minutes). Cell ^^jS^ and 
cipitated and subjected to get etedrop™ 

phy. 



ence analysis (Ffc. 3C) 

protein in AL2-express,ng ^^y, 
two PTH-related peptides. or 
mat is. PTH peptides beg,nn.ng aterther^ ^ ^ 
fourth amirK, acid of the mat^FW^' --^.-^ , 
Consequently, the ™f £ 15, and 

and 18 of PTH were 3Q 
7 and 17 in the m '* ture ^^X V* experiment 
Identical peaks were reproduced ^ ^ ^ 

precipitated pept.de heaved precursor 

gene was the s.ze expected rfor ^ u analy . 
(Fig. 2A, lane 7). Agan, am ' n ^° t t uncleaved pre- 
sis confirmed that th.s ^"^X greater amount 
cursorldatar^tshownVAsu^^ ^ extract 
of a cleaved PTH-sized product ™™ ing cells 
from ALI-expressing cells than in ^ 
(Fig . 2A). Sequence ntact cells, the 

was PTH(4-84) (F.g. 3B). T J^ efllclert |y than the 
p.eALIpre^rscxwascleavedmo^tf ^ nQrmal 

£eAL2 precursor but ess rftaen y Qf ^ 
preproPTH. Moreover, £ extracts and 

J.AL1 precursor "**££^t^.\J<** 
awt^intt»^^"^33 precursor, the 
norma. preproPTH. ™^S££^.The.t* 
preALI precursor was de that of the AL2 



and 

Free Extracts 

Ace ,,free, tr«^^— 
used in order to more P^ 3 ^^ these mutants, 
characterize defects in the vec tors de- 

Using the ,ac ^mote^ed e«x ^ 
scribed in F.g- 1C, E. coft ™ ^ enes the pre* 
mRNA for both » P^J^,* antibiotic res,st- 
.actamase gene, the pressor across 

ance protein. P«^^r membranes and accu- 
canine pancreatic ^ (3 3-35). Conse- 

rately cleaved by of V*Hactanw» 

gently, monitonng the P jess, 9 £ ^ 

to lactamase, « control for the analy- 

somes CRM). P^*^Jth precursors, 
sis of the P^sstng mutant P m V prot e,ns 

To assay P r ^ ssin9 ' Y NA Tthe presence of [*S] 
were translated from mRNA^t y ipitated , 

methionine, ^ »^^a«v^ 
separated ^^^^ftjmc^phy. 4 

slab gels and P roc ^ {norm al human preproPTH, 
compares the process.no. of norm ^ SQr 

a the pre AL1 P^J^Z predominant immu- 
ln the absence of r*°S^slstion reactions pro- 



P^^ 
Soprecipitated * ^J^i ^ inter nal me- 
preproPTH, resulted from nn JH signal se- 

Lnines at P**™ 7* f 8 of the mature PTH 
ouence and at i* s,t, f s * ^ tw0 signal<ontain.ng 
molecule (data not *«^ T £2on Sere converted 
precursors in this wnsWW _ 
t proPTH in the presence of TOM^ ^ human 
PTH contans <^ v , ^5 ies available for incor- 
preproPTH contains srx 1} , the conversion 

^HtK 

s^foTst,^^^ 

snown in Fig. 3A). as sho wn). Lane 1 

with methionine 7 W^^sor synthesized in 
shows the *^%^a^rfboth mutant precur- 
the absence of RM. p'f^ 9 ^' t tha n the cleavage 
sors was considerably less eHioem m ^ ^ ^ 
o^normal preproPTH (compar lanes ^ 
12 ). in this particular e ^"^ eaved P product was just 

were cleaved so ^^ "and The relative ine^ 
detectable above the PTH(8 » » ^ mutant 

« CienCy °' tSSSSS^ results from intact 
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Membrane 

sors could occur because the P^^pWase. 
cated inefficiently to the Sbstrates 
or because the mutant ^^^^ mese pos- 
ter signal peptidase. To 10 
abilities, a proteolyt^rotect^ . assay^ g 
assess the ability of the mutant precursors ^ 
the microsomal membrane In this assay • ^ 
added to completed wW^J,^ 
teins that have not been translated acros^ 
somal membrane but cannot **** ™ nce 0 f 
teins. After translation of V°™"Jl^ n( ™° 
acrosomal n«t«nas^W» «J n a ? 0 r?Products 
M g/ml each) were added for 90 mm at 



remaining after ^JM'^S^ 
separated by SDS -^rSv 'Assure that the 
and visualized by diges tion were not 

proteins <*^ t ^jZ^J*^ reaction 
inherently res.stant to proteoly s* . 
contained both protease and 1^ js after 

tered proteins become £ * ^ 

disruption of ^^'^ere added to transla- 

0 , membranes could ^JJJJ* such a proteolytic- 
Figure 4 shows > the resuKs noma l human 

protection assay. ProPm< dea ^ ^ the 
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Fig 4 CleavageandTranslc^tioo.rfRelatedPTHPr^urso^ 
V\ htotedtar™ RM were added during translate or 
p££SS-> (MPT). Tryps* and 
added to indicated lanes fT + CT); Trrton X-100 
along with protease as indicated (Det). Precursor and proc 
essed products are indicated by arrows. 

pletely digested (lane 13). Similarly, processed ALI was 
Protected while the unprocessed precursor preAU 
w» dusted (lane 3). The inefficienl t cleavage of the 
preAU precursor was thus associated wrth neltaent 
Janslocation of the precursor through the mernbrw. 

The translation products of the AL2 express^ plas- 
mid exhibited a different pattern of protect.cn from 
StrdleJ .Voters. Both of the preAL2 precu jors 
were somewhat protected from ^ teo ^ s J^ e r 
very small amount of cleaved protein, v.s.ble on longer 
exposure of the film (lane 8). These protons ; we re 
fnherU diqestable, since addition of detergent led to 
the proteolysis of the preAL2 P"^^^ 
therrnore, the protected precursors were not resistant 
He resu.t St a nonspecifK: ny*opho^n« 
of the uncteaved signal with the membrane surface 
since addition of RM after "nslaw « not Projsrt 
the preAL2 precursor from d,gest 10 n (f-J^ioSS 
aith^jah the rxeAL2 precursor was translocateo 
Sh thTmen^brane somewhat tess effidentJy than 
rxeproPTH (compare lanes 7 and 8 with lanes 12 and 

thai the uncleaved, translocated precursor could be 
detected by the proteolytic-protection assay. 

Location of the Precursor in the Membrane 

Proteolytic-protectton experiments are usefuHor ■*£ 
guishing proteins that are outSKle from ftose that are 
fnside ft. membrane-bound 
not distinguish proteins that are inserted *J 
orane from those that are translocated «£e*y 
through the membrane and are free in the m crosoma 
lumen or loosely bound to the membrane 
face. To determine the nature of the assx-ahon of the 
transited precursor wrth the membrane jjemem 
branes were extracted under alkaline condrt ons and 
then centrifuged. Both loosely bound membrane pro- 
teins and those that are free within the lumen are 
SractaSe under such conditions 
membrane proteins remain in the pelleted membrane 



fraction. After translation in the presence of RM and 
[-^methionine, reactions were . ^^}°. £ 1? 
with 1 m NaOH and incubated 10 mm at 0 PC (37V 
Siane pe»et and supernatant fractions , wereo^ 
tained by centrifugation. neutralized, ■m™n°PW 
Sand subjected to SDS-polyacrylamidegelelectro. 
ohSor analysis. Figure 5 demonstrates that even 
Ser These vigorous extraction procedures, much of 
Z To recursor preAL2 translated in the presence of RM. 
was S in the membrane fraction. Lane 8 contains 
Z SScted products of preAL2 translation in the 
TesencTof microsomes. The intensities of the bands 
KEa « considerably lower than the intensrtiesjn 
IS? biause a large amount of pancreatic microso- 
mal extS was add^d to the translation reacts. The 
tarne iunt was required because the cleavage and 
rSSn of preAL2 are inefficient. These arge 
ToSmemriane often nonpecMcriy rt«JJ 
Snftesis. After centrifugatton of the same amount 
5 rSoactive protein shown in >™ ^ ^ 
show that a substantial fraction of the preAL2 precursor 
t£Z with the membranes. This result suggests that 
at ast a portion of the preAL2 precursor is an integr* 
mimbrane^otein. The assodatior , of the preAL^ or* 
cursor with the membrane occurred only wtie " 7* 
Sranes were present during 
mpmbranes were added after translation and then ex 
SSTis 11 and 12, .which contain the same 
^t oTSioactive protein as lane 7). only . smtf 
!ZTt o orecursor preAL2 associated nonspec'f ically 
3S mSSfract^n and p**d wKh ftj .mem- 
brane (lane 12). Unlike preAL2, 

_kL , r > a nri P reAL1 orecursor proteins (lanes 3 ana 
4) were' novated with the mernbrane Ti» entire 
element in Fig. 5 was repeated a second time with 
6 v S J de LuesuHs. Furthermore, "P-^^ 
inn differential urea extraction (38) to extract membrane 
^SUSL, demonstrated that preAL2 was tightly 
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associated with the membrane (data not shown). There- 
fore, removal of several amino acids in the cleavage 
domain converted preAL2 into an integral membrane 
protein. 



DISCUSSION 



Signal sequences have been characterized as contain- 
ing three structural domains (14) that may have > tunc 
till importance. In order to analyze the roles p^yed 
by the hydrophilic signal cleavage domain v «£secn> 
tiy process, mutations were produced .nto cDNA 
of the eukaryotic secretory protein preproFTH ™ 
mutant gen Jwere anar/zed h the present stud both 
missinglhe entire propeptide-specrtic doma,n , and vary- 
ing amounts of the signal cleavage domain. 
The properties of the preAL2 precursor (F.g. 1)j *» 

the precursor was translocated across the membrane 
Sn^what ineffictentiy, the precursor was £aved Iby 
signal peptidase with striking ^aencyand at novel 
Siduel and much of the precursor became , t.ghti y 
abated with the mk^osoma. m-**^*^ 
ing properties characteristic of integral membrane > pro- 
STff pn*L1 precursor pa. 1) also an 
altered phenotype: the precursor was tran s °cated 
Sross L membrane inefficently; con^ntly Jess 

than normal amounts of V^jZsTa ^l 
signal peptidase and. agarn cteavage was rt^ 

location (Rq 3d). In contrast 10 ih« p.e— r» — 

Muk) to Ihe membrane. The* > resuns are 
me inefficient cleavage ot m 1^ „. 

to predict the location of s.gnal cleavage site * by 
paTng a test ™, in 

number of known signal m0 lecule 
fact, both cleavage sites used in P«£" Since 

cleavage was so poor, we specui- did ot 

though it has JXS second- 

in fact, reach the s.gnal W^ja 
ary structure. Perhaps the absence ot a 
flexible /Hum (see ^ *^£?£ reported 
from the enzyme. Lipp and Do ^^L^^They 
the behavior of a somewhat ""^jj^oinain 
found that a cryptic signal sequence cleavage 



could be made manifest by altering adjacent sequences 
of a membrane anchor sequence. They 
in its normal setting, the cryptic site is not used because 
it does not reach the signal peptidase. 

Analysis of the predicted secondary structure of he 
mutant and norma. preproPTH ™lec*«J^ *J 
Possibility that the preAL2 precursor might lack a suit 
Sylexlle signal sequence. Figure 7 dismays *J 
results of the application of the rules of Chou and 
Fasman (43) to the preAL2 precursor (Fig. 7B), to 
human preproPTH (Fig 7A). and to the preALt precur- 
soMF'ig 7C). "«ng a computer program devised by 
Novotony and Auffray. The most striking difference 
observed in comparing the three sequences .s m he 
prScted structure of the P^^TJJ 
D reAL2 precursor is missing a predicted 0-turr . struc 
S e that interrupts the a-helical region at the , end of the 
clonal sequence (predicted /3-turns are represented by 
Saks aSve the L marked T.) The otherwise closdy 
SSTeAU precursor has /Hum potential. wrtnfr- 
Sly *e pr^y residues ^^^3^- 
oligonucleotide used in its ^'^^^^ 
oreoroPTH has the residues ser-asp-gly to provide 
at the end of the ^«J£££ 
the absence of a sequence which might 
tural flexibility, the preAL2 precursor rn.ght form a rel 
atively uninterrupted extended «-hel.x, that ooute Nn 
dude the hydrophobic stretch from rescues five to 

more ef^ 
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Ro 7 Structural Predictions (51) (or preproPTH P"^1 V^fJ^ precursor p^in in singie-letter code. The next line m 
AcrossTne top are displayed the aminc.term.nal sequences • £ abQve base , ine nave 3-turn potent,al. The 

tra r"um potentia, according to .he ^^^^L iSn line). Bottom curve tracks hydrops,. ,nd,x 
next line tracks both 0-sheet potentoal (B. heavy* **) 
(HB) as calculated by method based on Rose and Roy (43a). 
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provided by the inserted pro^ly residues (see Fig. 7) 
allowed cieavage atter the second senne in the se- 
quence proijly-ser-val-ser. The greater distance of the 
serine from the hydrophobic core may have encouraged 
cteavage as well. Interestingly, the preALI precursor, 
unlike the preAL2 precursor, was not cleaved after the 
first serine in this sequence, von Heijne (41) no ed that 
proline is absent at position -3 from the signal cleavage 
sites of his large collection. As expected, this site has 
an unfavorable value in the calculated probata ty - of 
processing using von Heijne's rules (41) (Fig. 6). me 
resufts observed with the preALI mutant are therefore 
consistent with von Heijne's predictions for signal pep- 
tidase enzyme activities. Therefore, the observed dif- 
ferences in the cleavage sites chosen in the two mu- 
tants by signal peptidase may be explained by predicted 
signal pepWase specificites, while difference, in cleav- 
age efficiency may be due to alterations in the second- 
ary structure of the mutant precursors. 

The substantial inefficiency of cleavage of the preAL2 
precursor permits an analysis of the localization of the 
translocated but uncleaved precursor. Resistance of 
the precursor to proteolytic digestion and lack of ex- 
traction of the precursor from membranes wrth alkali 
suggest that the preAL2 precursor was imbedded in 
thTmembrane as an integral membrane proton. The 
preAL2 precursor's 12 residue hydrophobe core 
porter than a typical membrane anchor sequence) ,s 
separated from other hydrophobic residues in the ma- 
ture PTH molecule by arginine and glutamic acid res- 
cues, as well as by two polar serine residues. Adams 
and Rose (44) showed that shortening of the mem- 
brane-spanning domain of the G protein of the vesicu.ar 
stomatitis virus to twelve or even eight residues stiH 
allowed the protein to span the membrane. Davis and 
Model (45) have demonstrated that a hydrophobe 
stretch of as few as 10-14 residues can serve to anchor 
a precursor in the membrane, although unstaby; the 
hydrophobic stretch in the signal of preAL2 coulC lwe» 
perform a similar function. Further, the extended I a-hehx 
predicted by the Chou-Fasman calculations might allow 
the hydrophobic residues at positions 5-8 of mature 
PTH to further stabilize the membrane-spanning domain 

of preALZ. ., . . 

The preAL2 precursor, and more stnkingly the 
preALI precursor, were translocated across the micro- 
somal vesicle less efficiently than was normal 
preproPTH (Fig. 4). The particularly inefficient translo- 
cation of the preALI precursor may have been caused 
by the shortening of that precursor's hydrophobe core 
from 12 to 10 residues. (This calculation of core length 
assume that the proline introduced by the oligonucleo- 
tide into the preALI sequence terminates the core. In 
contrast, the sequence of the hydrophobic core of the 
preAL2 precursor is normal; only the signal cleavage 
domain is altered. The somewhat inefficient transi- 
tion of this precursor may have been due to delet.cn of 
the propeptide-specific domain. Removal of this domain 
alone also resulted in somewhat inefficient translocate 
(Wiren, K. M., H. M. Kronenberg. and J. T. Potts ^Jr 
submitted for publication). Alternatively, the lack of 



predicted flexibility associated with the loss of the ser- 
asMly residues at the end of the signal sequence may 
have disrupted the protein's normal interaction with the 
translocation apparatus. It is also possible that the 
inability of signal peptidase to remove the signa se- 
quence efficiently led to inefficient translocation of the 
rest of the protein. 

We have found that alterations in the signal cleavage 
domain result in both reduced translocation and signal 
cleavage efficiency. Furthermore, in the AL2 mutant, 
the removal of a few amino acids in the signal cleavage 
domain converted the signal sequence into a membrane 
anchor sequence. In order to more fully understand the 
mechanisms responsible for the altered phenotypes of 
the mutant precursors, the several steps in the trans- 
location and cleavage process must be assessed in- 
dependently using appropriate in vitro test systems^ 
Such an analysis of the mutants described here, and of 
other analogous structures, should lead to a greater 
understanding of the functions of discrete portions o 
signal sequences, and the relationships between signal 
sequences and stop-transfer sequences. 



MATERIALS AND METHODS 
Plasmid Construction 

The methods for preparation of plasmid DNA. cleavage with 
SL. enzymes, Wificaton of DNA fragmeotsj^on 
with T4 ligase and transfection of E. coh were performed as 
described (46). The AL1 mutant plasmri created from 
SS>4 U obtained after Bal 31 exc.uctea^estm 
the sequences of tx>th mutants were aeterrr,i,^ 
seauence analysis (29). Plasmid pZIP-v-gpt was a gift of R 
mXmdC™* of Biology, MIT, Cambndge MA; and 
Whitehead Institute for Biomedical Research). 

Cells 

The rat pitu-tary cell line GH.C, (47), 
becco's modrfied Eagle's madlurr i contairang 10 A ca s«um 
in 95% air-5% CO,. The *-2 packaging cell kna 
MIH 3T3 cell line productively transfected with a detetefi (Mo- 
loney murine leukemia virus missing package sequences, 
was a gift of R. Mulligan. 

DNA Transfection and Viruses 

DNA transfers were performed with 
by the procedure of Graham and Van der Eb (48), as md*ea 
by Park* and Stark (49). Virus infections in the presence of 8 
Jg Polybrene/m. for 2.5 *J?™<^™ onjed Joy 9f» 
selection medium prepared for use wrth GH.C, cells (SO). 

Protein Labeling and Sequence Determination 

To radiolabel cells. 100-mm plates of confluent . * lis were 
rinsed in methionine<Jeficient DMEM chaining 10% d alyzed 
fetal calf serum and then incubated with 0.5 mCi [ sjmetni 
SJet 4 m7of' the same medium. Chase medium contamed 
To mg nonTadtoactive methionine^. Incubus ;wer . £ 
minated bv cell lysis with detergent-containing butter as de- 
(34). and the protease inhibitor phenytmeth- 
ylsulfonylfluoride (500 ^g/ml). 
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Irnmunoprecipttation with Rabbit Anti-Bovine PTH 
Antibody 

Recovery of the irnmunoprecipttated proteins was accom- 
plished as previously described (34). Proteins were separated 
on a 15%-20% SDS-polyacryiamide gradient slab gets. Gels 
were fixed, incubated in En 3 Hance (DuPont-NEN, Wilmington, 
DE) according to manufacturer's specifications, dried, and 
subjected to fluorography. Sequencing of proteins eluted from 
dried geis was by automated Edman degradation as previously 
described (33). 

Transcription-Linked Translation 

Expression piasmids, based on pGLiOl (31) were transcribed 
by E. coli RNA polymerase as previously described [33). The 
mRNA produced was translated in a nuctease-digested retic- 
ulocyte lysate. To test for translocation through the membrane 
(of added RM from canine pancreas), limited protease diges- 
tion was done. Trypsin and chymotrypsin were added to the 
translation reactions at 100 ^g/ml. Triton X-100, at 1% final 
concentration, was added as a control to some reactions. As 
an additional control for some reactions, membranes were 
added after translation was complete at 30 min. Reactions 
were then incubated 90 min on ice, followed by the addition 
of aprotinin (150 kallikrein-inhibiting units) to all reactions. 
Triton X-100 was then added at 0.2% final concentration to 
those tubes without prior detergent addition. Radiolabeled 
proteins thus produced were then subjected to immunoprecip- 
itation as described above. 

Membrane Association 

Alkaline extraction of protein from membranes was based on 
the method of Russel and Model (37). After transcription and 
translation in the presence of membranes as described above, 
reactions were adjusted to pH 11.5 with 1 m NaOH and 
incubated on ice for 10 min. Membrane and supemantant 
fractions were obtained by centrifugation at 1 5,000 x g for 30 
min. After immunoprecipitation, radiolabeled proteins were 
separated on 15%-20% SDS-polyacrylamide gradient slab 
gels. Gels were incubated in En 3 Hance and dried, and fluorog- 
raphy was performed. 
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We have previously described a novel mutant of hu- 
man preproapolfpoprotein A-II (pre(Apro)apoA-II) m 
wMch the wild-type 18-amino acid-long signal se- 
rince Gly™) was functionally redefined to 20 ammo 
adds in length (Ala 20 '). We have used this mutant as a 
model preprotein to probe the substrate specificity of 
eXryotic signal peptidase. Site-saturation muta- 
geneses was performed resulting in the substitution of 
1^ different amino acids (acidic, basic, aromatic hy- 
L^phob c an? small-neutral) for Ala- (or position 
-1) The effects of these substitutions were assessed 
using an in vitro transcription/translation/microsomal 
membrane processing system. NH 2 -terminal sequence 
Sysis of the 13 mutant proteins demonstrated that 
amino acids which occupy position -I in a signal pep- 
tide are critical in establishing a good context for signal 
^ptidase cleavage and that two or more potential sites 
cleavage may compete for recognition by signal 
jptidase. 

Eukaryotic signal peptidase is an integral membrane pro- 
tein complex of the endoplasmic ret iculum (KrabxW t aL 
1980- Lively and Walsh, 1983) capauie oi eudopr^v-w-c--- , 
(Strauss et ai, 1979; Mollay et ai, 1982; Stern and Jackson, 
1985) cleaving signal peptides from preproteins during co- 
and post-translational translocation across the endoplasmic 
, reticulum bilayer (Blobel and Dobberstein, 19 /o; Caulfield et 
al, 1986; Maher and Singer, 1986). Recently, canine pan- 
creatic microsomal signal peptidase (Evans et al 1986 i) as 
well as hen oviduct signal peptidase (Baker et at, 1986) have 
been purified. They exist as a complex of six polypeptides 
which require phospholipids for biological activity (Jackson 
and White, 1981). Proteolytic processing of prokaryotic signa 
pept.des is mediated by two proteases, signal peptidase , l 
(Wolfe et al., 1983) and signal peptidase II (Inms et ai, 1984). 
Bacterial signal peptidase II is sensitive to the antibiotic 
globomycin (Dev et al., 1985) and only cleaves preproteins 
which contain lipids coupled to their NH.-terminal residues 
Bacterial signal peptidase I is not affected by globomycin and 
cleaves the precursors of most other exported prokaryotic 
proteins (for review, see Wu, 1986). In addition, bacterial 
signal peptidase I correctly processes some eukaryotic prepro- 
teins (e g Watts et ai, 1983) as well as hybrid polypeptides 
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containing prokaryotic signal peptides fused to eukaryotic 
ytosolic proteins (Lingappa et ai, 1984). The converse has 
also been demonstrated for eukaryotic signal peptidase which 
correctly processes a bacterial preprotem that ^ normally 
cleaved by bacterial signal peptidase I (Muller etaL 19821 
Recently. Garcia et ai (1987) constructed several rautant o 
a hybrid protein containing the signal peptide and the first 
nine amino acids from bacterial outer membrane Upoprotem 
fused directly to ^-lactamase. They examined the site of 
eukarvotic signal peptidase cleavage of this chimeric mutant 
and compareTthese results to those obtained in a prokaryotic 
ystem (Ghrayeb et ai, 1985). They concluded that eukaryotic 
signal peptidase and prokaryotic signal peptidase I possess 
milar'su'bstrate specificities which contrast ^fy^ 
the specificity of bacterial signal peptidase II (Garcia et ai, 

19 Amino acid sequence comparisons of known eukaryotic 
signal peptides have provided clues about structural featur s 
Xrh may be important in defining the substrate specificity 
of eukaryotic signal peptidase (Austen, 1979; Perlman and 
HaWorson, 1983% Heijne, 1983). These studies , sugges 
that several features of the primary and secondary structure 
" _._. :J _ atfart Pffirient and accurate cleavage of 
signal peptides by signal peptidase (review in von H ^ne 
1984 1985). For example, a U-turn structure 5-6 residue, 
upstream of the site of signal peptidase cleavage £ beer, 
nredicted to occur in most eukaryotic signal sequences Aus- 
ten 55; Perlman and Halvorson, 1983). This J-turn inter- 
up s the -helical or d-strand structure of the hydrophob c 
membrane-spanning domain present in prepeptides and pre 
sumably allows, promotes, or presents a conformation com 
TaSble with signal peptide cleavage. The primary . amino acid 
sequence of the signal peptide may also contribute to signal 
peptidase specificity: amino acids found at position ^ -1 and 
-3 almost always contain small-neutral side chains (e^JU. 
Glv, Ser, Thr, and Cys), although position -3 is somewh. . 
less restrictive and may i«lud. hyd» P hob^.d«^ ; 
Leu, Val, He). This observation has been formally ncorpo 
rated into the "(-3.-1) rule" by von Henne 
the "A-X-B 1 " model by Perlman and Halvorson (1983). 

nspection of eukaryotic preprotein data bases has prided 
rules for predicting sites of co-translational cleavage How 
ever, there have been no systematic attempts tote^ 
experimentally the relative contribution . various ; m ^ 
may have at different positions w.th.n the signal peptide on 
cleavage site selection by eukaryotic signal PfP^^ 
though the substrate requirements appear to be , similar in 
eukaryotes and prokaryotes, more information is avadab e 
about the prokaryotic signal peptidase. For example Polhtt 
et al. (1986) have shown that f^^^Z^ 
increasing size at position -1 m the bacterial v v 
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signal peptide prevents cleavage by signal peptidase II. Dier- 
stein and Wickner (1986) demonstrated that residues span- 
ning positions -9 to +5 of the M13 procoat protein influence 
the efficiency of signal peptidase I processing. Inouye et al 
(1986) and Lehnhardt et al (1987) have proposed a structural 
compatibility model for prokaryotic preprotein processing: for 
any given signal peptide to be fully functional, it must be 
structurally compatible with the protein to be secreted. They 
proposed that this structural compatibility is based on sec- 
ondary structure present at or around the site of signal peptide 
cleavage. 

In a recent study, we described a mutant eukaryotic prepro- 
tein that was constructed by deleting the prosegrnent coding 
region from a human preproapolipoprotein A-II cDNA (Folz 
and Gordon, 1986). PreproapoA-II contains an 18-residue 
prepeptide, a^entapeptide prosegrnent, and a 77-residue ma- 
ture domain which is incorporated into human high density 
lipoproteins. Although the 18-amino acid-long signal peptide 
was left completely intact in the mutant pre(Apro)protein, 
co-translational cleavage studies demonstrated that the site 
of cleavage was redirected to a unique position two amino 
acids into the mature protein domain {Gly l8 -Gln-Ala 20i ). 
Based on this observation, we anticipated that judiciously 
placed mutations near or around the site of signal peptide 
cleavage in preUpro)apoA-II would help elucidate structural 
requirements important in determining the site of preprotein 
processing. The strength of this model preprotein rests on the 
fact that if a mutation is made which inhibits cleavage at the 
primary site of signal peptidase processing (Ala 201 ), an alter- 
native, secondary site of cleavage is potentially available 
(Gly 18i ). The results of the mutagenesis can therefore be 
interpreted by comparing the extent of cleavage at positions 
18, 20, or 18 and 20. 

We have now substituted 13 different amino acids for Ala 20 
(or position -1) in pre(Apro)apoA-II and studied the effects 
of these mutations on in vitro co-translational translocation 
and signal peptidase processing. Based on these studies, we 
demonstrate that amino acids at position -1 are critical in 
defining a good context for eukaryotic signal peptidase cleav- 
age. Furthermore, we show that two or more potential sites 
of signal peptidase cleavage may compete for recognition by 
this protease. Pre{Apro)apoATI and the various mutants de- 
scribed here may be used to probe selectively the contribution 
other structural features have in defining the site of signal 
peptidase cleavage. 

EXPERIMENTAL PROCEDURES 

Material and Radiochemicals— pGEM2 DNA, T 7 RNA polymer- 
ase, nuclease-treated rabbit reticulocyte iysate. RNasin. and reagents 
for dideoxynucleotide sequencing were from Promega Biotec. T 4 DNA 
ligase and T< polynucleotide kinase were purchased from Bethesda 
Research Laboratories and New England Biolabs, respectively. L- 
[3 t 4- ;3 H]valine (45 Ci/mmol) was obtained from Amersham Corp. L- 
[ 3S S] Methionine U 130- 1150 Ci/mmol) was from Du Pont-New Eng- 
land Nuclear. Canine pancreatic microsomal membranes were either 
from Amersham Corp. or prepared as previously described by Walter 
and Blobel (1983). 

Oligodeoxy nucleotide -directed Site-saturation Mutagenesis of Hu- 
man PrefSprojapoA-II—The overall strategy for mutagenesis is out- 
lined in Fig. 1. First, a Styl site was engineered near the signal peptide 
processing site of pre( Apro)apoA-II by annealing -0.08 pmol of 
single-stranded Ml3mpl8 DNA containing human pre(Apro)apoA-II 
cDNA (Folz and Gordon, 198c) to 10 pmol of a mutagenic 33-base 
oligodeoxynucleotide which contains a single base mismatch (5'- 
GCCTTGAAGGACAGGCCAAGGAGCCATGTGTGG-3'). Hybridi- 
zation occurred in a solution of 100 mM NaCl, 10 mM Tris-HCl (pH 
8.0), and 1 mM EDTA. This hybrid was then used directly to trans- 
form Escherichia coli strain JM109 (Hanahan, 1985) without any 
prior in vitro primer extension (Burke and Olson, 1986). Duplicate 
plaque lifts of the resulting recombinant phage library were prehy- 



bridized for 2.5 h at 60 *C in buffer A (0.9 M NaCl, 90 mM sodium 
citrate, \% (w/v) Sarkosyi, and 50 ng/m\ salmon sperm DNA). Filters 
were then placed in fresh buffer A containing the 32 P-labeled 33-mer 
(specific activity -2.5 x 10 6 cpm/pmol, 5 x 10 5 cpm/ml of hybridi- 
zation solution). Hybridization was allowed to proceed for 20 h at 
60 *C. Filters were repetitively washed in buffer B (150 mM NaCl, 15 
mM sodium citrate, 1% Sarkosyi) at increasing temperatures (25- 
63 °C). DNA was prepared from one of the candidate (probe-positive) 
mutants, and its cDNA insert was characterized by digestion with 
Styl as well as by nucleotide sequence analysis (Sanger et al., 1977). 

An £coRI fragment of the pref Apro)apoA-II cDNA containing the 
Styl site was subcloned into the £coRI restriction site of pGEM2. 
The Pstl site present in the pGEM2 polylinker was destroyed by 
double digestion with AccI and Hindlll The resulting DNA was 
treated with DNA polymerase I (Klenow fragment) and all four 
deoxynucleotide triphosphates to create blunt ends. A blunt-ended 
ligation was performed with T 4 DNA ligase, and the DNA was 
redigested with Hindlli to reduce the background of recirculated 
vector DNA before transformation of E. coli strain DH5. A recombi- 
nant plasmid lacking the pGEM2 polylinker Pstl site was identified. 
The relative orientation of its insert DNA was determined by diges- 
tion with Pstl. 

Thirteen amino acids were substituted at position 20 of 
pre(Apro)apoA-II using a cassette mutagenesis strategy (see Fig. 2). 
Digestion of the plasmid containing preUpro)apoA-II cDNA with 
Pstl and Styl produced a 24-base gap which includes codons 14-21. 
Complementary degenerate oligodeoxynucleotides of 16 bases (5'- 
GCCTTGAAGGACAGNN-3') and 24 bases (5'-CTTGNNC- 
TGTCCTTCAAGGCTGCA-3') were synthesized (as described be- 
low) where N at the first and second positions of codon 20 represents 
A, G, C, and T. The oligodeoxynucleotides were end-labeled with T 4 
polynucleotide kinase in the presence of [ 7 - 32 P]ATP. The duplex 
synthetic oligonucleotide was ligated into the gap generated by Pstl 
and Styl digestion of the recombinant plasmid. This was followed by 
transformation of E. coli strain DH5 (Hanahan, 1985). These cas- 
settes replaced the coding sequences removed by Pstl/ Styl digestion 
and generated all possible substitution mutations at the first and 
second positions of codon 20. Mutated DNAs were identified by 
double-stranded dideoxy-DNA sequencing using the T 7 promoter 
primer on minilysate preparations (Birnboim and Doly, 1979) of 
plasmid DNA. 

To generate an Ala 20 — Gly so miitant of we(*P™)WO&-}h™eJ4- 
base oligodeoxynucleotide (5'-CT TGUCC i G i CCTTCAAGGCTG- 
CA-3') containing a Gly 20 codon was used in place of the degenerate 
24-base oligodeoxynucleotide. All other procedures were identical to 
those described in the preceding paragraph. 

All oligodeoxynucleotides were synthesized by an Applied Biosys- 
tems Model 380A or -B DNA synthesizer employing the solid-phase 
phosphoramidite method. Synthesis of degenerate oligodeoxynucleo- 
tides in which all 4 bases were required at a particular position was 
accomplished by programing the delivery of all bases or by manually 
preparing a mixture containing all 4 bases before synthesis. The 16- 
mer degenerate oligodeoxynucleotide listed above was synthesized on 
an oxidizable solid support resin (Molecular Biosystems Inc.). This 
oligodeoxvnucleotide was chemically deconjugated from the support 
resin as follows. Fibers were removed following the completion of 
DNA synthesis, extensively washed in distilled water, and submerged 
in acet'onitrile. They were' then placed in a glass tube containing a 
10-ml solution of sodium metaperiodate ( 110 mg) and 20 mM Na,PO, 
(pH 7.0). The tubes were sealed, wrapped in aluminum foil to prevent 
exposure to light, and rotated at room temperature for 2.5 h. The 
fibers were removed and washed extensively in distilled water. The 
oligodeoxvnucleotide was solubilized by twice incubating the fibers 
with a 1-ml solution of wateriV-propylamine (9:1) for 2.5 h at 50 *C 
with occasional mixing. The water:N-propytamine was removed by 
lyophilization, and the oligodeoxynucleotide was purified by succes- 
sive ethanol precipitation. 

In Vitro Transcription Re actions -Wild-type human preproapoA- 
II mRNA and preUpro)apoA-II mRNA were transcribed by T 7 RNA 
polymerase. All 14 preUpro)apoA-II site-saturation mutants were 
linearized with the restriction enzyme Nhel and a run -off transcrip- 
tion was performed essentially as described (Folz and Gordon 1986) 
except that T T RNA polymerase (0.5 unit/VD was used m place ot 
SP6 RNA polymerase. RNA integrity and homogeneity were con- 
firmed bv electrophoresis of the 32 P-labeled RNAs through 4% poly- 
acrylami'de (3.8% polyacrylamide, 0.2% bisacrylamide) gels contain- 
ing 8 m urea. ■ /n 

In Vitro Translation and Co-translational Translocation/ Processing 
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Assay- T 7 -derived RNA was translated in an in vitro nuclease-treated 
rabbit reticulocyte Lysate cell-free translation system in the presence 
»f [ M S] methionine, as described in an earlier publication (Folz and 
Gordon 1986). To assay the kinetics of co-translational processing 
3(M reactions containing ["SJmethionine (37 jiCO, RNasin (1.3 
units/^D, canine pancreatic microsomal membranes (10 M D. nuc!e ^" 
treated rabbit reticulocyte lysate (10 n\), and mRNA (30 
were incubated at room temperature. At 30, 60, and 90 mm 1<M 
aliquots were removed and added to 1 ml of ice-cold immunoadsorp- 
tion buffer (Gordon et aL, 1983b) to stop the reaction. Rabbit anti- 
human apoA-II sera preadsorbed to protein A-Sepharose CL-4B i was 
used to immunopurify the translation products (Gordon et aL, lSHMaJ. 
Antigen-antibody-protein A-Sepharose complexes were extensively 
washed (Gordon et aL, 1983b), dissociated, and electrophoresed 
through a 16% polyacrylamide gel containing 0.1% SDS 1 (Laemmli, 
l970)°The slab gels were fixed (in 40% methanol, 10% acetic acid), 
dried and autoradiography by using Kodak XAR-5 film and a 
Lightning Plus soreen (Du Pont-New England Nuclear) at -70 C. 

NH 2 -terminal Protein Sequencing— {^S} Methionine- or [ Hya- 
line-labeled apoA-II polypeptides synthesized in reticulocyte ceil-free 
translation systems containing canine pancreatic microsomal mem- 
branes were purified by immunoprecipitation and electrophoresed 
through denaturing 15% polyacrylamide tube gels containing 0.1% 
SDS (Laemmli, 1970). The tube gels were frozen and sliced (into 1- 
mm sections), and the radiolabeled protein was passively eluted 
overnight into 5 mM sodium phosphate buffer (pH 7.1) containing 1 
mM phenylmethylsulfonyl fluoride and 1 mM benzamidine HU. lne 
35 S- and 3 H-labeled polypeptides were subjected to automated sequen- 
tial Edman degradation using a 0.33 M Quadrol program (Thomas et 
aL, 1981; Gordon et al , 1982) and a Beckman 890C spinning cup 
sequenator. . . . 

Data Collection and Computer-assisted Analysis-? S]Methionme- 
labeled protein bands from autoradiograms were scanned using a 
LKB Ultrascan XL laser densitometer, and the peaks were quanti- 
tated by integration using the densitometer's internal digital integra- 
tor Only signals in the linear range of film sensitivity were used m 
the subsequent analysis. The primary translation products of all 
mutant mRNAs contain 2 methionine residues, whereas the processed 
proteins (which have lost their signal peptide) contain only 1 methi- 
onine Therefore, the percent processing for each precursor protein 
was calculated as follows: % processing = (2 x processed apoA-II)/ 

({2 x processed apoA-u; -r ^unpiuCcsacu p^ti^w. . - . 

computer programs SIGSEQl and SIGSEQ2 (Folz and Gordon 198 1 ) 
were used to predict signal peptidase processing probabilities for all 
mutant proteins described in this report. 

RESULTS 

Construction and Characterization of Site-saturation Mu- 
tants—The plasmid pAIKAPro) contains a cDNA which en- 
codes the mutant human apolipoprotein pre(Apro)apoA-II 
(see Fig. 1 and Folz and Gordon, 19S6). To understand better 
the structural features important in defining the site of sig- 
nal peptidase cleavage in this model preprotein, we performed 
site-saturation mutagenesis at the Ala 2 " codon. The strategy 
we chose for constructing 13 different amino acid substitu- 
tions for Ala- 0 is depicted in Figs. 1 and 2. The creation of a 
silent Srvl restriction site in preQpro)apoA-II cDNA involved 
a single'base substitution (A to C) at the third position of 
codon 20 using the mutagenesis protocol of Burke and Olson 
(1986). The advantage of this protocol is that fewer spurious 
or unwanted mutations occur relative to other methods 
(Burke and Olson, 1986). An £coRI fragment of 
pre(Apro)apoA-II cDNA containing this unique Styl restric- 
tion site was subcloned into the £coRI site of pGEM2. Next, 
a Pstl site present in the polylinker of the pGEM2 vector was 
removed by digestion with Hindlll and Accl. The resulting 
DNA overhang was filled in with DNA polymerase I, followed 
by ligation with T 4 DNA ligase. Mutants lacking the Pstl 
polylinker site were characterized by restriction enzyme 
analysis. A small DNA fragment was removed from one of 
chese mutants by digestion with Pstl and Styl, generating a 



pre(APro)apo All cDNA 



RI Pstl 




1 The abbreviation used is: SDS, sodium dodecyl sulfate. 



Fig. 1. Schematic drawing of them vitro expression vector. 

Human pre{Apro)apoA-II cDNA (which lacks a 15 base propeptide 
coding region (Folz and Gordon, 1986)) was subcloned into the £coRI 
site of the pGEM2 expression vector to generate pAII(APro). 
pAIIUPro) is the parent plasmid used for all subsequent mutagenesis. 
Nucleotide sequence regions include: B, 5'-nontranslated region; 0, 
signal peptide (pre)coding segment; ■, mature or processed apoA-II 
coding segment; DI, 3'-nontranslated region; and B, pGEM2 poly- 
linker. The thin line represents pGEM2 plasmid sequence. RI, EcoRl; 
Amp, ampicillin resistance gene; 7\ and SP6, RNA polymerase pro- 
moter regions. 

gap of 24 bases (Fig. 2). Oligodeoxynucleotides were synthe- 
sized that contained approximately equal amounts of all 4 
bases at positions 1 and 2 of codon 20 as well as the adjacent 
codons (Fig. 2). The synthetic duplex UNA was iigated into 
the 24-base gap and used to transform E. coli strain DH5, 
thereby generating a library of substitution mutations at 
codon 20. 

We isolated 30 random mutant colonies from this library 
and sequenced the inserts contained in their recombinant 
plasmid DNAs. Of the 30 mutants characterized in this fash- 
ion, 27 contained only substitution mutations at positions 1 
and 2 of codon 20, whereas three contained unusual or spu- 
rious DNA insertions or deletions located at or near the 
cassette site. From the 27 mutations which were characterized, 
we identified all possible amino acid substitutions which could 
occur at codon 20 (Fig. 2), except those coding for Gly and 
Phe (Fig. 3). To generate a Gly- 0 mutant, we synthesized an 
oligodeoxynucleotide which specifically encodes Gly at codon 
20 and followed the same cassette mutagenesis procedure 
previously outlined. DNA sequence analysis of six potential 
Gly 20 mutants revealed that all six encoded Gly at this position 
(Fig. 3). We made no further attempts to identify a Phe 20 
mutant. . 

In Vitro Co-translational Translocation Efficiency— Amino 
acid mutations, either in the signal peptide itself or in the 
mature protein domain, may affect the overall efficiency of 
co-translational translocation and processing. If the mutation 
blocks any productive association of the precursor protein 
with the translocation apparatus and translocation does not 
occur, then bv definition signal peptide cleavage of this mu- 
tant precursor is blocked because the precursor protein is 
never presented to signal peptidase. In order to examine the 
effects of these mutations on the efficiency of co-translational 
translocation/processing, an in vitro transcription/transla- 
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1. To create a unique Styl site: 
Anneal the 33mer oligo to ssDNA and transform E. coli 
5'-GCCTTGAAGGACAGGCCAAGGAGCCATGTGTGG-3' 



PstI 



Styl 



L Clone into pGEM2 

2. Delete PstI site in polylinker 

3. Digest with PstI + Styl 



1. Anneal, ligate, and transform with saturation 
mutagenic oligo duplex 



^JSTrGCCTTGAAGGACAGp^M 

- A CGT CG G A A C T TCC TGT CSSO TTC * g j 



i [ GO ■ T,C,A,G ] 

2. Screen for mutations by dsDNA sequencing 
, Thr He Cys Ser Leu Glu Gly Gin Xxx Lys Glu Pro Cys Val Glu ~ 



. ACC' AfC TiSC AGO CTT GAA GGA CAG^N^AAG GAG CCA TGT GTC GAG J 



where amino acid Xxx is determined by codon EE© 
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FlG. 2. Strategy for the construction of site-saturation mu- 
tants at codon 20 of human pre(Apro)apoA-II. A silent Styl 
restriction site was constructed in a pre( Apro)apoA-II cDNA by 
oligodeoxynucleotide-directed mutagenesis (for details, see "Experi- 
mental Procedures"). The cDNA was subsequently cloned into the 
£coRI site of pGEM2. After deleting the PstI site present in the 
pGEM2 polylinker, a DNA cassette was removed by Styl and PstI 
digestion, resulting in a gap of 24 bases. Two complementary muta- 
genic oligodeoxynucleotides were synthesized such that positions 1 
and 2 of codon 20 contained all 4 bases. This duplex oligodeoxynu- 
cleotide was ligated into the vector, followed by transformation into 
E. coli strain DH5 to generate a library containing 14 possible 
mutations at codon 20. Double-stranded DNA sequencing was per- 
formed to identify various mutants present in this library. All the 
possible amino acid substitution mutations shown in the box were 
isolated and characterized, except for Gly and Phe. The construction 
of a Gly 20 mutant was accomplished by the synthesis of a specific 
oligodeoxynucleotide (see "Experimental Procedures"), The number- 
ing starts with the initiator methionine of pre( Apro)apoA-II. 



tion/microsomal membrane processing system was employed 
(Folz and Gordon, 1986). T 7 RNA polymerase was used to 
generate homogeneous mRNA preparations encoding each of 
the 14 pre(Apro)apoA-II mutants as well as wild-type 
preproapoA-II. These 15 mRNAs were translated in parallel 
reticulocyte lysate cell-free systems containing [ 35 S]methio- 
nine and translocation-competent canine pancreatic micro- 
somes. At 30, 60, and 90 min after initiation of translation, 
an aliquot from each cell-free reaction mixture was removed, 
and apoA-II was immunopurified and subjected to electropho- 
resis through 15% polyacrylamide gels containing 0.1% SDS 
(Laemmli, 1970). The processed and unprocessed apoA-II 
protein species were quantitated by laser densitometric scan- 
ning of autoradiographs of the slab gel. The percent processing 
was calculated for each precursor protein after correcting for 
the loss of the initiator methionine present in the signal 
peptide (see "Experimental Procedures"). Fig. 4 shows typical 
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FlG. 3. Characterization of 14 pre(Apro)apoA-II site-satu- 
ration mutants at codon 20 by DNA nucleotide sequence 
analysis. The plasmid DNAs corresponding to each mutant shown 
were alkali-denatured, and the DNA sequence was determined using 
a T T promoter primer (5 ' -TATAGTG AGTCGTATTA-3 ' ), DNA po- 
lymerase I (Klenow fragment), and the dideoxy chain termination 
method. Only relevant segments of the autoradiogram for each DNA 
sequence are shown. The deduced nucleotide sequences at the side of 
each gel represent (from the bottom to the top) nucleotides 1-3 of 
codon 20. 



results obtained for wild-type preproapoA-II and four 
pre(Apro)apoA-II mutants: Ala 20 , Pro 20 , Tyr 20 , and Arg 20 . 
Wild-type preproapoA-II was the most efficiently processed 
precursor protein for all time points analyzed (Fig. 4 and data 
not shown). These four mutants were chosen because they 
are representative of the three groups of kinetic processing 
into which all 14 pre( ^pro iapoA-II mutants could be classified 
(see Table I). Group I included those mutants which had the 
lowest percent processing at the 30-min time point relative to 
preproapoA-II. Members included Cys 20 , Ser 20 , Thr 20 , Asn JtJ , 
Asp 20 , He 20 , and Tyr 20 pref Apro)apoA-II. Group III (Ala 20 . 
Pro 20 , and Val 20 ) had the highest percent processing at 30 
min, whereas Group II {Gly 20 , His 20 , Arg 20 , and Leu 20 ) exhib- 
ited percent processing values that were intermediate between 
Groups I and III. As shown in Fig. 4, the percent processing 
values were highly dependent on the length of the incubation 
with the rate of processing increasing with time. Interestingly, 
Ala 20 is the only precursor mutation which shows no signifi- 
cant change in the rate of processing between 30 and 90 min. 

Identification of the Site of Signal Peptidase Processing— 
As noted above, deletion of the propeptide from human 
preproapoA-II redirects signal peptide cleavage to a unique 
site two amino acids into the mature protein domain (after 
Ala 201 ) even though the 18-amino acid-long signal peptide was 
left completely intact. Thus, in this sequence context, cleavage 
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removed at the time ^""^St'denituring SDS-polyacryl- 
polywf.de samples were £^ b °- auMradiogr .phy. Bands cor- 

^?^^^£&^^ 

a^^e^Proceduresnandplot- 

ted as shown in B. 

after Ala . t be ^^^^^sz 

Rifled the , site c ^ ^/S^d se^ntial Edman 
pre< Apro>apoA-II mutan ts by ^ of signal p 

degradation. Fig. a "'^"^....ii precursor mutants, 
dasa cleavage for the 14 P^^iSLte, that if cleav- 
Inspects of the a-no ^ at 

ag e occurs after Xaa _ peaks o ' led tein and a 

cycles 5, 9, 16, and 2/ for a [ n vai - d If signa i 

cycle 24 for a ['^methionine- ab « potyW^ M 
peptidase cleavage occu. . *• • P^ ^ ^ 2g f 

would be expected at eye es i, , distri butions of 

[ 35 S] methionine at cycle 1. 
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peptidase cleavage « f £«^ ct J th site of signal peptidase 
description of the »«hod f or P«d^ »«- amin0 acid subst,- 

cleavage). X« represent each of the 
tutions found at codon 20. 

„a in vitro transcribed 
With these P0^ ito » !° ^.S»^nt. were each 
mRNAs encoding all ^f^ ti °fL translation systems 
translated in reticulocyte lysate eel ir micr0 . 

containing I-mu- 
somal membranes and [ b I melnl , A . n pro tein species 
noreaetive Pressed and W«™£*£* x * lec trophoresis 
were further purified by P oI ^" y '^ fi d f lays rep resenta- 
(see "Experimental Procedures K F^e di p y rf ^ 
tive NH.terminal sequencing 5 daw ^obta of 
14 mutants. For emple. ^g' 1 and 27 and the 
[^Hlvaline which occurred a ^ cles ^ ; ld on i have arisen 
ingle [-Slmethionine peak at eye e 2 J c ° c 20l . Minor peaks 
if signal peptidase e eavage ^occurs after^y nt 
at cycles 11 and 18 (not ,n<3 , a d >n F «^ 
<5% of the total processed prote a after w . 

leS s than 5% of signa peptidase gj^, of FHJvaUne 
in this Cys 20 mutant. In Fig. 6B ^ k at cycle 

at cycles 2, 7, U, and 18 and a . S occurs only 
26 demonstrate that signal peptidase clea g ^.^ 2Q 

after Gly* ^^3!^^ coiesponding to processed 
No other peaks of rad oact " r ^ in this seqU ence 
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mutant substitutes a 1 valine to .ta n n. n 
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but the data presented here, as well as elsewhere (Weisman 
et al 1936- Pluckthun and Knowles, 1987), clearly indicate 
that'a signal peptide may contain a proline at position -1 
and still be a substrate for cleavage. Cleavage after Cys*" was 
also not predicted to occur. Algorithms that compute the 
likelihood for preprotein processing at various sites arenot 
able to distinguish whether processing 
versus multiple positions (von Heijne 1983 19861 Therefore, 
thev did not predict that the Cys-",Glr',Ser , Thr .Pro , 
He 2 ", or Leu 20 mutants would be cleaved at two sites. 

DISCUSSION 

We have performed site-saturation mutagenesis at position 
-1 of a model preprotein: preUproJapoA-II. The results 
indicate that altering^ physical-chemical properties of re, 
dues located at this position in th.s sequence context has 
profound effects on signal peptidase cleavage speedy with 
selection occurring at one or two sites for a given mutant 

s 'nal Sides probably perform multiple ro es in protein 
exp "rt (Spader et al, 1986). Kaiser et al. (1987) have ^ shown 
that 20% of random polypeptide sequences can functionally 

eD a e he signal peptide of yeast preinvertase. suggesting 
S ^afpeptides a're recognized by the export mac mery 

consensus or canonical sequences for signa 1 p ptd ase proc 

Z\:L an adiacent Gly (Ala-Gly*) (Lingappa et a!.. 19 - , )■ 
Honin and Boime (1981) noted that incorporation oi a u-- 

Vh,° Th y hh that this p«H«c«d Merit con.tr,,„.s » th 
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Fir fi NH.-terminal protein sequence analysis of in vitro 
STTnS ^methionine or [^valine. Immunoreacuve. rad.o.a- 



bel ed apoA-I. polypeptides ^^^^ 
acrvlamide tube gels conta.n.ng bDb (0 ..)■ P [-^valine 
activity corresponding to processe I b ™" ted t0 Uomated 
protein products were eluted. pooled • »» b £ f lJH]valine . and 
sequential Edman degradation. In ^™„° 3.„ l e: i sequenced. 
6oV dpm of [-Slmethionme-labeled Cys apoA 1 hionine . 
In B. 80,000 dpm of ['Hlvahne- «^60 MO*^ M I r , H)vaUne . 
labeled Val» apoA-II were sequenced In C 98 6W p ^ ^ 

and 40.200 dprn ft °n" S » met ^^ dpm of [»S1 

quenced. In D. 80 000 dpm of HWalme Qf radi 

methionme-labeled fP^-"^^"'" cleavage after Xaa«. 
tivitv marked with a M W ar«u- *™° n 'V*i? C } he / oW arrowhead 
Dashed arrows indicate cleavage a . ter Gly . ^ Serl „_ 

mark, a peak of ^££Uy due to unprocessed 

An asterisk? corresponds to peak--, 01 ™ 
precursor protein. 
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Ala at codon 20 (ue. pos *ion-l «.ati % e A[a >t codon 20 ls re f e rred to a, Xaa , 

5!:^e^ and ^aline-labeled processed P- ins and 

• Based on NH,terminal sequencing o ^the ^e Ui ^ ( t t and F,g. 

taking into account ^^^^^^Jby von Heijne (1986). f'^^^A site 

• Predictions were based upon a set ot rui m for a „ potenua saes of c eava e^ l n P ^ 
was used to calculate processing probability va, Heijn6i 1986) A computer p g 



„ h ich sob..i.i..*s • f'° f;,' ^o.tlfi'.t di.c». 
peptide cleavage f~m 01) ' . Introduc tion) 

was recently shown to be cLea«« »- ,„„ 

daie at two positions iStr-to <wi « I. 

S,,. P*™*""" ." , examples of alternative; 

a good context for signal peptide 

replacement of Ala" 0 with Cys results in , t of 

Ma 20 with Oly, Ur.aer. urn 2o f he 

and Glv 181 . Replacement of Ala witn any 
i His 20 Ar-°) large hydrophobic (Leu" , He , 

STl„. H t!c ! ,T;,»;.»i» acids 

also pr.senwu cer tain sequence contexts (Leu , 

SS S 'tat it e^nc (<^ What do these results 
[ell i's about L role of position -1 in defining a good site for 



their polarity and accessible surface a a F v rn t 
we concluded that for any given pol nty (e* W e 
the larger the accessible ^ ^ t ^,. Also, for 
worse the substrate for signal pep .das e , clea g g 
ar.v given accessible surface are, (e.g. Ala ber^ 
poiaTthe amino acid, the worse the ancl . 

chemical characteristics including ^^f ^ a ' nd bulk- 
turn propensities, various ^ 0 ^ C ^^ ld be made 
iness were analyzed but no general one ^ c0 d deavage 
regarding the relationship between these indexes 
site selection. «•„„«,„,*,, nf eukarvotic 

Our studies show the following ^f"™*^) of 
signal peptidase for cleavage aner res due 20 £ > ^ 
pre(Apro)apoA-II: Ala, Cys > • Gl> > - £ ^ after 
Val, lie, Leu, Tyr, His, Arg, Asp. No c eavage ^ 
amino acids in the last group. Fro " ^ a S Xis prohibited or 
whether cleavage following these amino .acute BP ^ 
simply much less efficient ^ pa "L" .mine ^ ^ 
possible method of differentiating among am n0 A . n 
group would be to change the sequence of ^prePP ^ as 
by substitution mutagenesis appositions other 
to suppress cleavage after Gly _ f her nius- 

The results obtained with the G > "J^ se data . 
trate a dilemma concerning the mterpretauon 
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Fir 7 Relationship between the physical-chemical prop- 

eraes of the K amino acids at residue 20 of pre(Apro)apoA- 

H and c Lavage at this site. The height of each column represents 

L percent lavage occurring after Xaa". The access*? surface 
the percent ci & ino add Slde chain ,„ the 

XpUd GW- was determined by calculating the sum of the 
aXon the surface of each atom present in the side cham j of rescue 
R on each point of which the center of a solvent molecule (H,0) can 
be placed in ontact with this atom without penetrating any other 
atoms of he molecule (Chothia, 1976). The polarity index (which 

eludes component, of the dipole moment of the side chain and 
well as any part due to the charge on an ionized group) attempts o 
Tette the electric force due to the side chain acting on .ts .mmediate 
surroundings (Zimmerman et ai, 1968). 

For example, does approximately equal cleavage after Gly 1 *' 
and Gly 201 indicate that both sites are equally desirable (in- 
dependent of other factors) or that for th.s 
distance between the COOH-terminal residue of the hydro 
phobic core and the site of cleavage does not mfluence pr c- 
essing' It has been shown that a site-directed substitution 
mutation in bacterial penicillinase results in two distinct 
Stes of cleavage. However, processing at these two sites occurs 
at different rates (Hayashi et ai, 1984). In this report, the 
processed prote.ns used for NH.terminal protein sequence 
analysis were all isolated alter au-mm - -- <- 

sible that a different ratio of cleavage after residues 18 and 
20 would be observed with shorter incubations; although in 
Le cases, generation of these data could be d.ff.cult given 
the overall efficiency of processing at early time points. 

How does our grouping of amino acids at position -1 of the 
model preprotein reflect that found in a comparableposmon 
of naturally occurring preproteins? von Heijne ( 1986) ana 
Ivzed 161 known eukaryotic preprotein sequences and tabul- 
ated the frequency of occurrence for all 20 amino acids for 
verv position from -12 to + 2. If one assumes that evolution 
optimize, biological processes (e.g. signal peptide cleavage) 
then one natural measure of eukaryotic substrate specificity 
is the frequency at which particular amino acids are repre- 
sented at position -1. By assigning statistical weight, for a 
g ven amino acid at a given position that are based on such 
frequency analysis, von Heijne (1986) was able to generate a 
quantitative measure for predicting the most hkely sit , of 
signal peptidase cleavage for any preprotein sequence Our 
rankin" of the best substrates at position -1 of pre- 
SprS.poA-11 is almost in agreement with the ; statrstica 
weights von Heijne (1986) assigns each amino . acid w, h two 
significant exceptions. First, Cys is given a weight abou equal 
to that of Ser, whereas the data presented here sugge st tha 
Cys should be given a similar weight to Ala^ Second, Thr is 
Signed a weight about one-third that of Ser, whereas the 
Sresented^above suggest Thr should be assigned *. sam 
weight as Ser. However, there may be reasons why Cys and 
Thr are under-represented in the preprotein data base a 
position -1 independent of the substrate specificity of signal 
St dase. For example, Cys can form disulfide bonds which 



stabilize protein structure, and this may be deleterious to 
protein translocation (Maher and Singer, 1986). Alterna- 
tively we demonstrated that the kinetics of processing of the 
Cys 20 pre(Apro)apoA-II mutant was much slower than that of 
the Ala J0 pre(Apro)apoA-II mutant, suggesting that signal 
peptidase may have the same specificity for Cys as Ala but 
the rate of cleavage is reduced. Selection pressure would thus 
tend to reduce the frequency of occurrence of Cys at position 
-1 independent of its substrate specificity. Obvious^, if an 
amino acid such as Cys is under-represented in von Henries 
data base, application of his rules for predicting signal peptide 
cleavage sites would in turn underestimate the potential for 
cleavage after this residue in model mutant preproteins. One 
way of further evaluating the relative specificity of signal 
peptidase for cleavage after these 2 residues would be to 
replace Ala in other preproteins with Cys to determine if they 
are functionally interchangeable. 

In summary, the observation that deleting the propeptide 
in preproapoA-II redirects signal peptide cleavage has pro- 
vided an interesting and novel model system for systemati- 
cally studying structural features important in defining he 
site of signal peptide cleavage. We hope that several of he 
mutants described in this report (e.g. those with bid.rected 
lavage) will allow us to probe other features that may further 
contribute to a favorable context for signal peptidase cleavage. 
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1. INTRODUCTION 

The signal peptide is composed of three struc- 
turally and functionally distinct regions: a basic N- 
terminal region, a central hydrophobic region, and 
a more polar C-terminai region defining the 
cleavage site. To confirm the cleavage specificity in 
yeast signal peptidase, we have engineered the 
cleavage site of a hybrid preprotein consisting of a 
CLY signal and a mature HLY, because the CLY 
signal contains common features described above 
and is functional (forms a correctly processed 
mature HLY) in yeast [1]. 

Von Heijne proposed the (-3,-1) rules ac- 
cording to the statistical studies on signal se- 
quences [2,3]; the residue at position - 1 must be 
small and the residue at position -3 must not be 
aromatic, charged, or large and polar, and proline 
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must be absent from positions - 3 to +1 with 
some exceptions. In this paper we describe the cor- 
relation between the processing efficiency and the 
(-3, - 1) rules, and the shifts in the cleavage sue 
of some mutant signals in yeast. 

2. MATERIALS AND METHODS 
2.1. Materials 

Restriction enzymes and T, ligase were purchased from 
Toyobo or Takara Shuzo and used under the condiuons as 
recommended by the suppliers. Micrococcus lysodetkticus ecus 
and authentic HLY were obtained from Sigma. Saccharomyces 
cerevisiae KK4 {a teu2 ura3 hislor3 trpl gal80) [4] was used as 
the host strain. Synthetic media [51, supplemented with an 
amino acid mixture (20-375 ^g/ml) lacking leucine and with 
adenine sulfate (20 ^g/ml) and uracil (20 ,g/ml) [1] in addition 
to 2<7o glucose, were used to cultivate S. cerevisiae. 

2.2. DNAs 

The cassette mutagenesis methods [61 were used to construct 
a series of pFJ300 plasmids by replacing a part of the original 
DNA segments with double-stranded DNA oligomers which 
contain mutations at the residues in positions - 1 and/or -3. 
The site-directed mutagenesis [7] was also performed to con- 
struct a series of pNJ300 plasmids by using the Amersham 
system. The muiti-copy plasmid used to express HLY in yeast 
was the same as described in [1] except that the GAL10 pro- 
moter was replaced with the cloned ENOI promoter [8]. 
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2.3. Assay of processing efficiency 

The efficiency of signal peptidase to cleave preHLY was 
evaluated either by the initial decrease in preHLY labeled with 
[ 35 S]methioninc or by the ratio of mature HLY/(mature 
HLY + preHLY) measured by Western blotting. The lysozyme 
activity in the medium was assayed by monitoring the lysis of 
M. lysodeikticus cells at 450 nm. 

2.4. N-termtnal sequence 

Secreted HLYs obtained from 2.5 1 cultures were purified as 
described in [1] and were applied to an automatic protein se- 
quencer (model 477A, Applied Biosy stems). The aa sequences 
of the 5 N-terminal residues were quantitatively analysed by 
measuring the amounts of phenylthiohydantoin amino acids to 
determine the cleavage sites of mutant signals. 

3. RESULTS 

3.1. Secretion of HLY 

The native CLY signal contains 18 aas like a 
yeast melibiase signal [9], We replaced (i) Gly at 
position - 1 with a larger aa (Ala, Ser, Thr or Val), 
(ii) Ala at position - 3 with a rare locating aa (Val, 
Asp or Pro), (iii) Leu at position -2 with the 0- 
turn forming aa (Pro). The effects of signal muta- 
tion on HLY secretion are summarized in table 1 . 
The amounts of secreted HLY were almost the 
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same in mutant signals containing -3 Val, and 
were about half in mutant signals containing 
-lAla, -lSer, -3VaI/-lAla, and -2Pro, as 
those in the native signal. No lysozyme activity was 
detected in the other mutant signals without any 
concentrations of media under the assay con- 
ditions. 

3.2. Processing of mutant preHLY 

To evaluate the efficiency of preHLY process- 
ing, the conversion of preHLY containing muta- 
tions at position - 1 to mature HLY was examined 
by immunoprecipitation. The amount of 
[ 35 S]methionine labeled preHLY decreased during 
the chase period in native and mutant signals, 
while that of mature HLY also decreased after a 
slight increase (fig.lA). As the processing was 
thought to be reflected better in the decrease of 
preHLY than in the increase of mature HLY, the 
decay curves of the mutant preHLYs were com- 
pared. It was found that the initial decreasing rate 
of preHLY decreased with the increase in the 
bulkiness of the aa at position -1 (fig. IB). 

The correlation of the decay of preHLY 



Table 1 



Effect of mutant signal peptides on HLY secretion 



Class* 


Plasmid* 


HLY activity" 
(units/mi) 


Relative 
ratio 


Processing c 
(M/M + P, %) 


Relative 
ratio 


WT 


pFJ1053 


64 


1.00 


68 


1.00 


I 


pNJ30I (-1A) 


31 


0.48 


68 


0.85 




pNJ302 (-lS) 


26 


0.41 


63 


0.79 




pFJ342 (-IT) 


0 


0 


41 


0.51 




P FJ330 (- 1V) 


0 


0 


31 


0.39 


II 


pFJ335 (-3V) 


62 


0.97 


78 


0.98 




pFJ371 (-3W-1A) 


31 


0.48 


78 


0.98 




pFJ327 (-3V/-1V) 


0 


0 


17 


0.21 


III 


pFJ338 (-3V/-1D) 


0 


0 


26 


0.33 




pNJ303 {-ID) 


0 


0 


6 


0.08 




pFJ340 (-3D/-1A) 


0 


0 


36 


0.45 


IV 


pNJ305 (-2P) 


26 


0.41 


60 


0.75 




pNJ304 (-3P) 


0 


0 


27 


0.34 



* WT, wild type preHLY; I, - I mutants containing a different size of aa; II, -3 and/or - 1 mutants containing a bulky aa; 
III, -3 and/or - 1 mutants containing a charged aa; IV, -2 or -3 mutant containing a/?-turn forming aa. aa are given 
as capital letters 

b The lysis of 0.9 ml of M. lysodeikticus cells (0. 15 mg/ml) was measured by adding 0. 1 ml of culture supernatant after 4 days 
of cultivation. One unit of HLY is defined as the amount of enzyme which decreases 0.001 of >4 4 5o per min at 25°C. In this 
assay condition, the specific activity of an authentic HLY (purified from human milk, Sigma) was 130000 units/mg 

c Determined by densitometry scanning of the autoradiogram from the Western blot gel and expressed as a percent of mature 
HLY/(mature HLY + preHLY) 
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Fig.l . (A) Immunoprecipitation and SDS-polyacrylamidc gel electrophoresis of mutant preHLYs. The KK4 cells transformed wiih the 
plasmid containing either wild type or mutant preHLY genes were spheroplasted by Zymolyase and labeled with [ ,5 S]methionine 
(60 ftC\) for 10 min. Immediately after initiation of the chase period unlabeled methionine (40 mM) and 50 mM cycloheximide were 
added. Aliquots were taken at various times and immunoprecipitated with HLY antiserum. Immunoprecipitates were analysed by 
autoradiography after gel electrophoresis. P, preHLY; M, mature HLY; - 1G, - 1A, - IS and - IV showed the signals containing 
Gly (wild type), Ala, Ser and Val at position - 1, respectively. (B) Decrease of preHLYs during the pulse chase period. The intensity 
of the preHLY band (P) in A was measured by densitometry and the relative values at each time to that at zero time are shown. (•) 

WT; (o) -lAla; (■) -lSer; (□) - lVal. 



measured by the pulse chase method to the amount 
of mature HLY was also confirmed by measuring 
the amounts of mature HLY (M) and preHLY (P) 
in the exponentially grown cells from Western 
blots (not shown). The processing efficiency (the 
ratio of M/M + P) is summarized in table 1 . The 
efficiency is remarkably low (6-4 l^o) in the mu- 
tant signals which contain a statistically prohibited 
or a rare locating aa at position - 1 or - 3, and it 
is relatively high (75 Vo) in the -2Pro mutant. 



Fig.2. The signal cleavage sites in various preproteins. Amino 
acids are shown as capital letters and the positions of replaced 
amino acids are shown by asterisks. The cleavage sites and the 
ratios of each cleavage are shown by arrows and percentages, 
respectively. WT, wild type preHLY containing a native CLY 
signal; -3P, -3Pro mutant; -2P, -2Pro mutant; 
-3D/-1A, -3Asp/-lAla mutant; PLY, pheasant 
Prelysoryme; SUC2, yeast preinvertase; SUC2 (- IV), mutant 
preinvertase containing Val at position - 1 . 
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3.3. Cleavage site determination 

HLYs processed from the preHLYs containing 
such statistically prohibited signals as -3P ro 

- 2Pro, and - 3 Asp/ - 1 Ala, were purified to con- 
firm their cleavage sites. The unique site identical 
to that of the native signal was found in the - 3P ro 
signal, suggesting the acceptance of Pro at position 

- 3 in yeast. Heterologous cleavages were found in 
-2Pro and -3Asp/-lAIa signals (fig. 2) The 
major cleavage site of the - 2Pro signal (88%) and 
the -3Asp/-2Ala signal (70%) was shifted one 
aa closer to the N-terminaJ side than that of the 
native signal, although the minor site (12-30%) 
was identical to that of the native signal. 

4. DISCUSSION 

The same shifts in the main cleavage site were 
found in -2Pro and - 3 Asp/ -1 Ala signals, 
despite the great differences in amounts of HLY 
secreted (265^g/l for -2Pro and 1.7 A g/l for 

- 3Asp/ - 1 Ala mutants). The - 3Pro signal com- 
manded a poor secretion of HLY (8.8 A g/l), but 
was processed at the same site as the native signal. 
The computer program, SIGSEQ2 [11], based on 
a statistic weight-matrix method [12], was applied 
for the mutant signals to evaluate the most 
probable site of cleavage. The actual major site of 
cleavage for -2Pro and -3Asp/-lAla signals 
has the highest processing probability, but that for 
the - 3Pro signal had the third highest score (not 
shown), suggesting that this method is insufficient 
to predict the processing site of the statistically rate 
aa sequences. 

The cleavage site of the -2Pro mutant was 
identical to that of pheasant prelysozyme, which 
contains the same signal sequence as the -2Pro 
signal [13]. This suggests that the signal peptidase 
is similar in yeast and bird and prefers 
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the -3Ala/-lPro sequence to the native 
-3Ala/-lGly sequence. The - 3 Asp/ -1 Ala 
mutant containing a negatively charged aa at posi- 
tion - 3 resembles (with respect to the poor pro . 
cessing and the shift in the cleavage site [141 
although the sites of cleavage are different (fig.2)j 
the yeast mutant preinvertase containing a bulky 
aa (Val) at position - 1 instead of the native Ala 
It is probable that the signal peptidase is able to 
choose a suitable cleavage site when the original se- 
quence is not fit to cleave. 



Acknowledgement: Wc arc grateful to Dr Rodney J. Yo\z f 0f 
providing the computer program, SIGSEQ2, to evaluate the 
cleavage site. 
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Summary 

To investigate structural characteristics important for 
eukaryotic signal peptide function in vivo, a hybrid 
gene with interchangeable signal peptides was cloned 
into yeast. The hybrid gene encoded nine residues 
from the amino terminus of the major Escherichia coU 
lipoprotein, attached to the amino terminus of the 
entire mature E. coM p-lactamase sequence. To this 
sequence were attached sequences encoding the non- 
mutant E. coll lipoprotein signal peptide, or lipoprotein 
signal peptide mutants lacking an amino-termmal 
cationic charge, with shortened hydrophobic core, 
with altered potential helicity, or with an altered s.gnal- 
peptide cleavage site. These signal-peptide mutants 
exhibited altered processing and secretion in £. co/i. 
Using the GAL10 promoter, production of all hybrid 
proteins was induced to constitute 4-5% of the total 
yeast protein. Hybrid proteins with mutant signal pep- 
tides that show altered processing and secretion in 
£ col i, were processed and translocated to a similar 
degree as the non-mutant hybrid protein in yeast 
(approximately 36% of the total hybrid protein). Both 
non-mutant and mutant signal peptides appeared to 
be removed at the same unique site between cysteine 
21 and serine 22, one residue from the E. coll signal 
peptidase II processing site. The mature lipo-p-lac- 
tamase was translocated across the cytoplasmic 
membrane into the yeast periplasm. Thus the protein 
secretion apparatus in yeast recognizes the lipopro- 
tein signal sequence in vivo but displays a specificity 
towards altered signal sequences which differs from 
that of E. co//. 

Introduction 

Protein translocation systems in eukaryotic and 
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prokaryotic cells share a number of common features. 
Both require the signal peptide, an amino acid extension 
attached to the amino terminus of the protein destined for 
translocation. Analysis of the sequences of known s.gnal 
peptides (Watson, 1984) show that the peptides from both 
systems while different in amino acid sequence, share 
similar structural characteristics. The amino terminus of 
the signal peptide frequently contains several positively 
charged ammo acids. This is followed by a 14-20 amino 
acid hydrophobic domain. Together, these res.dues are 
proposed to form a hydrophobic loop in the membrane 
(Inouye and Halegoua, 1980). 

Amino acids immediately adjacent to the site of cleavage 
of the signal peptide constitute a third domain of this 
sequence. The relative importance of these structural 
domains has been tested in bacteria using a large number 
of defined signal-peptide mutants. The major E. co// lipo- 
protein signal sequence, which is required for secretion 
of lipoprotein, has been thoroughly analysed in this way 
(Pollitt and Inouye, 1986). In eukaryotes, the same 
approach has been limited by the small number of such 
defined mutant signal peptides isolated. 

in order to allow a comparative analysis of eukaryotic 
and prokaryotic secretion systems, we have expressed a 

. . u i einnal nentides in 

prokaryotic protein wuh exundHy<=au,e s. a .._. r-r 

yeast. Previous reports from this laboratory have dealt 
with the expression in £. coli of a protein containing the 
major lipoprotein signal sequence plus nine amino acids 
attached to the mature portion of p-lactamase. This hybrid 
protein, when expressed in E. coli, is post-translationa ly 
modified, processed, and localized to the bacterial outer 
membrane (Ghrayeb and Inouye, 1984). Exchange of the 
non-mutant lipoprotein signal peptide with signal-peptide 
mutants reveals altered processing and secretion (Lunn 
and Inouye, 1987). In this study, we have expressed both 
non-mutant and mutant hybrid lipo-p-lactamases in yeast 
This prokaryotic protein was found to be processed and 
translocated into the yeast periplasm regardless of the 
lesion within the lipoprotein signal peptide. 



Results 

Cloning of lipo-fi-lactamase under a GAL10 promoter 
AGAL10 expression system was chosen for the production 
of the hybrid protein lipo-p-lactamase in yeast. The shuttle 
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vector YEp51 (Broach ef a/., 1 983) used in this study con- 
tains, m addition to the strong inducible GAL10 promoter, 
a termination of transcription from the yeast 2 ^m circle. 
It also contains origins of replication and selective 
marker(s) required for maintaining the vector as an extra- 
chromosomal plasmid in both yeast and E. coli. The source 
of the hybrid gene was plasmid pJG31 1 , which was used 
previously for expression of lipo-p-lactamase in E. coli 
(Ghrayeb and Inouye, 1984). The strategy for cloning of 
the lipo-p-lactamase gene into the expression vector is 
shown in Fig. 1 . A 1 .5-kb Xba\iBamH\ fragment from plas- 
mid pJG31 1 was inserted between the promoter and the 
termination site of YEp51 using the Sa/I and BamH\ sites. 
The lipo-p-lactamase gene in YEp51 contains a 16-base- 
pair sequence upstream of the initiating ATG from the 
prokaryotic gene in which there are no other initiation sig- 
nals. The YEp5l plasmid containing the lipo-p-iactamase 
gene (designated pCOPi) was then used to transform a 
leucine-requiring yeast strain. Selected transformants 
analysed by Southern blot hybridization contained the lipo- 
p-lactamase gene (data not shown). 
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Fig. 1 . Schemata diagram of pCOPi construction (not to scale). The cod.ng 
sequence of £ col, lipo-p-lactamase from plasmid P JG311 was inserted 
between the GAL10 promoter and the transcnpt.on termination site of ^ 
Y£p51 Abbreviations: bla. (3-lactamase; iDP'bia. lipo-p-laciamase; Cm . 
chioramphemcol-resistance marker; B, BamW; Be, Sc/I. C. HmcW, H, 
Hindlll: P, Pst\: R. EcoRl; S, Sa/1; X. Xbal. 



Expression of lipo-p-lactamase tn yeast 
To examine the expression of lipo-p-lactamase, yeast cells 
carrying pCOPi were grown in medium containing either 
galactose or dextrose as the carbon source. Exponentially 
growing cells were labelled with [ 35 S] methionine and cell- 
free extracts were prepared and analysed by SDS poly- 
acrylamide get electrophoresis. Aliquots of each extract 
were also immunoprecipitated with p-iactamase antiserum 
in order to identify p-lactamase cross-reacting material. 
Two protein species were specifically induced by galactose 
in pCOPi -containing cells (Fig. 2, lane 4). Both species 
were immunoprecipitated with p-iactamase antiserum 
(Fig. 2, lane 8) and were absent from cells grown on 
dextrose or from celts harbouring the control plasmid 
YEp51 (Fig. 2, lanes 1-3 and 5-7). The two inducible 
bands corresponded in size to the precursor and mature 
forms of lipo-p-lactamase in E. coli. Quantitation of the 
relative amounts of radioactivity present in the two bands 
(Fig. 2, lane 4) shows that these two species constitute 
roughly 4-5% of the total yeast soluble protein pool. Quan- 
titation of the two immunoprecipitated bands (Fig. 2, lane 
8) suggests that 30-40% of the hybrid gene product has 
been processed to a mature form of lipo-p-lactamase, with 
the remainder being in precursor form. 

It is important to point out that vector YEp51 harbours 
a p-lactamase gene controlled by the original prokaryotic 
promoter. The production of p-lactamase from this pro- 
karyotic promoter is negligible in yeast and should not be 
confused with the production of lipo-p-lactamase from the 
GAL10 promoter since: (a) in a strain containing the 
original YEp51 no p-tactamase cross-reacting materia! 
was detected by the poiyacryiarnide gel electrophoresis 
analysis described above (Fig. 2, lanes 1 , 2, 5 and 6); (b) 
the p-lactamase-like bands were galactose-inducible, indi- 
cating that the yeast GAL10 promoter is responsible for 
directing production of these proteins; and (c) the apparent 
sizes of these products correspond to the sizes of iipo-p- 
lactamase gene products and not to the sizes of the p-lac- 
tamase gene products (which are 1 3 amino acids smaller). 



Activity of lipo-p-lactamase in yeast 
It was considered to be worth investigating whether lipo-p- 
lactamase synthesized in yeast possessed enzymatic 
activity. Two semi-quantitative assays were used to deter- 
mine p-lactamase activity in culture lysates. Ceil-free 
extracts from induced and uninduced cultures were spot- 
ted onto solid agar medium containing 10-20 p,g ml ' 
ampicillin. After incubation at room temperature for 5 min, 
an ampicillin-sensitive E. coli strain was overlayed onto 
the plates in soft agar, and the plates were incubated at 
37°C overnight. Extracts from induced yeast cells harbour- 
ing pCOPi potentiated growth of the indicator strain, while 
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Fig. 2. Production of the lipo-(Mactamase in yeast. 
S. cerevisiae DMMM5A harbouring plasmid 
pCOPl orYEp51 were grown to 1 x 10 7 cells ml" 1 
in dextrose medium (uninduced cultures) or 
galactose medium (induced cultures) and labelled 
for 1 h with [ 35 S]-methionine. Aliquots of extracts 
prepared from the labelled ceils were 
immunopreapitated with antiserum to ^-lactamase 
and then analysed by SDS polyacrylamide gel 
electrophoresis. Total (Janes 1-4) and 
immunoprecipitated extracts (lanes 5-8) of induced 
( + ) and uninduced {-) cultures harbouring either 
pCOPl (lanes 3, 4, 7, and 8)or YEp51 (ianes, 1 , 2, 
5 and 6} are prpsented. Symbols: the large dot 
shows the position of prolipo-p-lactamase and the 
small dot shows the position of mature lipo-0- 
lactamase. 



extracts from induced cells carrying the vector YEp51 
allowed no growth. The diameter of the growth ring pro- 
duced by the induced pCOPl cell extracts after 10-16 h 
was at least ten times larger than the diameter for unin- 
duced ceil extracts. 

The method of Tai, Zyk and Citri (Tai ef a/., 1985) was 
used to determine whether the p-lactamase activity was 



associated with both forms of the hybrid protein. Extracts 
from induced cells harbouring pCOPl and YEp51 were 
subjected to SDS polyacrylamide gel electrophoresis. The 
SDS was removed from the gels and the p-lactamase was 
rena +M re H hxy washing the gel in the presence of ampiciliin, 
p-lactamase activity was then determined with starch- 
iodine paper, as described in the Experimental procedures 
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Fig. 3. Activity of tipo-fMactamase in yeast. Total 
cell extracts were prepared from induced cultures 
harbouring pCOPl or YEp51. subjected to SDS 
polyacrylamide gel electrophoresis, and then 
assayed for (3-tactamase activity using starch- 
iodine paper (as described in Experimental 
procedures). 

Panel A: Coomassie-btue-stamed gel after assay, 
with 1 0 p-l of a YEp51 culture extract and 1 pJ, 3 nJ, 
1 0 jil, 1 5 mJ and 20 |U of a pCOP 1 culture extract. 
Panel B: Starch-iodine paper after the assay with 
the gel in Panel A. Symbols: the large dot shows the 
position of orolipo-|S-lactamase and the small dot 
shows the position of mature lipo-S-iactamase. 
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section. Figure 3 shows that p-lactamase activity was 
selected using 1 u.l of an induced pCOP1 cell extract 
(;anes 2 and 8), whereas no activity was observed using 
10 u.1 of a similar YEp51 cell extract (lanes 1 and 7). All 
the observed activity migrated with the smaller of the two 
immunoprecipitated protein bands, which corresponds to 
the processed form of lipo-p-lactamase. These results are 
consistent with the observation that only the processed 
form of {3-lactannase is active (Roggenkamp et a/., 1985) 
and indicates that processed lipo-p-lactamase with en- 
zymatic activity can be produced in yeast. 

Processing of lipo-p-lactamase 

Previous studies showed that in £ coii the hybrid protein 
lipo-p-lactamase was cleaved at residue 20 when proces- 
sed by the lipoprotein-specific signal peptidase !l (Ghrayeb 
and Inouye, 1984), or at residue 25 when processed by 
the broadly specific signal peptidase I (Ghrayeb ef a!., 
1935). In order to determine the site at which lipo-p-lac- 
tamase is processed in yeast, cells harbouring pCOP1 
were labelled with [ 3 H]-isoleucine. A soluble fraction pre- 
pared from these cells was then immunoprecipitated with 
antiserum to p-lactamase, and the immunoprecipitates 
were subjected to SDS polyacrylamide gel electro- 
phoresis. The band corresponding to the mature lipo-p- 
lactamase was then excised from a stained gel, and the 
labelled protein eluted and subjected to sequential Edman 
degradation. Figure 4 shows that radioactive isoleucine 
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Fig. 4. Sequential Edman degradation of processed lipo-p-lactamase from 
yeasi. Induced cultures harbouring pCOPl were labelled for 3 h with 20 m-Ci 
mr 1 [ 3 H]-isoleucine. Total culture extracts were immunoprecipitated with p- 
lactamase antiserum and subjected to SOS polyacrylamide gel 
electrophoresis. The mature lipo-fi-lactamase band was excised, eluted, 
and subjected to sequential Edman degradation (as described in 
Experimental procedures). 



was detected in degradation cycles 6 and 10, indicating 
cleavage of the signal peptide between cysteine 21 and 
serine 22. Sequential Edman degradation following label- 
ling of lipo-p-laciamase with serine revealed radioactive 
peaks in cycles 1 and 2 (data not shown), which is con- 
sistent with the result above. 

Figure 2 shows that only part of the total prolipo-p- 
lactamase pool was processed in vivo. To confirm the 
precursor-product relationship between the two forms of 
prolipo-p-lactamase, induced cells were subjected to a 
pulse-chase experiment. Exponentially growing yeast 
cells harbouring pCOPl were pulse-labelled for 1 min with 
40 u.Ci ml" 1 [ 35 S]-methionine and this was followed by 
the addition of 0.5 mg ml" 1 non-radioactive methionine. 
At specified times, aliquots were removed, and cell 
metabolism stopped by dilution into formaldehyde. Figure 
5 shows that the presumed precursor of lipo-p-lactamase 
was labelled exclusively after incubation for 1 min. The 
radioactive protein was then chased into the smaller lipo-p- 
factamase species, reaching a maximum at 10 min after 
the addition of non-radioactive methionine. The finding 
that only 30-40% of the lipo-p-lactamase is secreted in 
yeast is similar to the partial secretion achieved with some 
heterologous eukaryotic proteins directed by yeast signal 
sequences (e.g. Smith ef a/., 1985). 
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Fig. 5. Rate of pro lipo- (3 -lactamase processing. Cells harbouring pCOPl 
were grown in galactose medium minus methionine, pulse-labelled for 1 min 
with the addition of 40 jiCimr 1 [ 35 S]-methionme, and then chased with non- 
radioactive methionine (0.5 mg ml" 1 ). At specified times, aliquots were 
removed, cell extracts were prepared, immunoprecipitated with 3- 
lactamase antiserum and analysed by SDS polyacrylamide gel 
electrophoresis. The relative amounts ol prolipo-0-lactamase and lipo-p- 
lactamase were determined densitometrically from autoradiograms. 



Localization of lipo- p-lactamase products in the cell 

It was important to determine the subcellular localization 
of the lipo-p-lactamase gene products in yeast to implicate 
removal of the signal sequence with a secretion event. 
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induced cells harbouring pCOPl were first labelled lor 
3 h with [*S]-methion,ne. Zymolyase-20T was then used to 
form spheroplasts which were collected and lysed, allow- 
ing fractionation of the cells into periplastic cytoplasm 
and total membrane fractions. To monitor the 
procedure, we assayed glyceraldehyde-3-ph sphate 
dehydrogenase, which is a cytoplasmic enzyme (Schek- 
man 1982), and a-galactosidase, which is a periplastic 
enzyme (Tschopp et a/., 1 984). Using the same condi 10 ns 
described in Fig. 2, over 90% of the g.yceraldehyd , * 
phosphate dehydrogenase activity was assoca te w,th 
he cytoplasmic fraction whereas about 90% of h «- 
galactosidase was associated with the penp'asmi ^ frac- 
Son. Similarly, immunoprecipitated invertase was detected 
essentially in the periplastic fraction. As shown in Rg^ 
th e processed form of lipo-p-lactamase was local, ed 
almost exclusively to the periplastic fraction (lanes I and 
2) whereas the unprocessed form was found in equal 
amounts in the cytoplasmic and membrane Actions lanes 
3 4 5 and 6). These results indicate that mature lipo-p- 
lactamase is translocated into the yeast periplasm. We 
o^ not detect B-lactamase activity or the ^-lactamase 
immunochemical in concentrated samples of culture 
supernatants. which indicates that ^-lactamase ,s not 
released from the yeast periplasm into the medium. 

Processing and secretion of mutant lipo-fi-lactamase in 

yeast 

Previous studies have analysed the effect ^utation^. 

™. ipn ro nn its ability to direct 
the lipoprotein signal ^ M ue.i^ - 
secret in E. coll To examine the effect of t ese mu a- 
tions on secretion of lipo-fi-lactamase in yeast, a number 
o? mutant genes were cloned into YE P 5t by a stategy 
analogous to that illustrated-in Fig. 1. The mu ants used 
fn te study are presented in Fig. 7. These include muta- 
te basic hydrophobic, and cleavage domains o, 
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grown in galactose medium, and labelled tor 3 h w«l I 
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(lanesSan^.andmemb— 

e^^P^r^i;^^^ SOS po.yacry.amae ge, 
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electrophoresis. 

the lipoprotein signal peptide. All these mutants exhibited 
altered processing and secretion of lipo-B-lac.ama* . n E 
co// (Ghrayeb ef a/., 1985; Lunn and Inouye. 1987). As 
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shown in Fig. 8. after 60 min of labelling with [ 35 S]- 
methionine, all these mutant proteins were processed to 
the same degree as the non-mutant tipo-fi-lactamase gene 
products. In addition, localization experiments with these 
mutant strains showed that the mature form of lipo-p- 
lactamase was found in the periplasm (data not shown). 
Thus, these signal sequence mutations do not appear to 
effect either processing or secretion of lipo-p-lactamase 
in yeast; however, there is still a possibility that there may 
be some differences in the kinetics of processing and trans- 
location of these mutant proteins into the yeast periplasm. 
The altered mobility of the lipo-p-lactamase precursors 
results from the amino-acid alterations in the signal 
peptide. 



Fig. 8. Production and processing 
of lipo-(i-lactamase. Celis 
harbouring pCOPI, pCOP2, 
pCOP3, pCOP4 and pCOPS (lanes 
1-5, respectively) were labelled 
with [ 35 S]-methtonine for 60 min and 
subjected to SOS poiyacrylamide 
gel electrophoresis, as described in 
Fig. 2. The arrow shows the position 
of processed lipo-p-lactamase. 



Discussion 

The secretion of proteins containing heterologous signal 
peptides has met with mixed success in yeast. Whereas 
a number of eukaryotic signal peptides are functional in 
yeast (Fujita ef ai, 1986; Hitzeman ef ai, 1983; Oberto 
and Davidson, 1 985; Valenzuela et a!., 1 982; Wood ef ai, 

sequences has not been reported in this organism (Schek- 
man, 1985). In the present study, we have demonstrated 
that the prokaryotic hybrid protein lipo-p-lactamase is 
expressed in high amounts, and a significant portion of 
the protein synthesized is processed and secreted as an 
active enzyme into the yeast periplasm. Previous studies 
(Schekman, 1985; Roggenkamp ef ai, 1983; Roggen- 
kamp et a/., 1981) in which the native p-lactamase gene 
was expressed in yeast showed that the protein was pre- 
sumably processed by non-specific proteases. Unlike this 
study, however, the processed form of p-lactamase 
accumulated in the yeast cytoplasm and was not trans- 
located across the cytoplasmic membrane. Thus it appears 
that the signal sequence, plus nine amino acid residues 
from the amino terminus of the £ coll major lipoprotein, 
mediated successful translocation of lipo-p-lactamase into 
the yeast periplasm. In this respect, the lipoprotein signal 
sequence functions like some yeast signal sequences 
(MFa1 and SUC 2) that can also direct the secretion of 
3-lactamase in yeast (Mileham ef ai, 1986). 

The cleavage of the lipo-p-iactamase signal peptide in 
yeast occurred between cysteine at position 21 and serine 



22, which is one amino acid removed from the £ coll 
signal peptidase II processing site (see pCOPI in Fig. 7). 
The cleavage of eukaryotic signal sequences after a 
cysteine residue has been demonstrated for a number of 
proteins such as immunoglobulin kappa and heavy chains, 
antithrombin III from humans, and ribulose biphosphate 
carboxylase from several plants (Watson, 1 984). When the 
signal peptidase ll processing site is altered, processing 
of lipo-p-iactamase in £ coll occurs via signal peptidase 
I at residue 25 (between an alanine and a lysine residue; 
Ghrayeb ef ai, 1985). In yeast, alteration of the signal 
peptidase II site, which is one residue away from the yeast 
cleavage site, does not block processing or secretion of 
lipo-p-lactamase (pCOPS in Figs 7 and 8). It will be inter- 
esting to investigate whether alteration of either cysteine 
or serine of the yeast lipo-p-lactamase cleavage site will 
block secretion or processing. It is worth noting that alter- 
ation of the yeast invertase signal sequence cleavage site 
does slow down secretion (Schauer ef ai, 1985). 

The alteration of the basic domain of the lipoprotein 
signal sequence so that the net charge on that domain is 
-2 (from +2), severely inhibits processing and secretion 
of lipoprotein (Vlassuk ef a/., 1983) and lipo-p-lactamase 
(Lunn and Inouye, 1987) in £ coll. Even though a net 
negative charge is not found in the corresponding domain 
of eukaryotic signal sequences, such an alteration in the 
lipo-p-lactamase signal sequence has no apparent effect 
on the level of processing or secretion of lipo-p-lactamase 
in yeast. It has been suggested that the basic domain of 
the signal peptide in prokaryotes interacts with the nega- 
tively charged membrane. In eukaryotes, this role may be 
fulfilled by additional components of the secretory pathway 
that have not been demonstrated in prokaryotes (e.g. the 
signal recognition particle). The behaviour, in yeast, of 
the amino-terminal lipo-p-lactamase mutation described 
above, is consistent with the report that various insertions 
into the amino terminus of the invertase signal sequence 
does not block secretion of invertase in yeast (Brown ef 
a/., 1984). 

Secretion and processing of lipo-p-lactamase (Lunn and 
Inouye, 1987), and of many other prokaryotic secretory 
proteins (Pollitt and Inouye, 1986), are very sensitive to 
alterations in the hydrophobic domain of the signal peptide. 
Two such mutants in lipo-p-lactamase were examined: 
the first contained a deletion of four hydrophobic amino 
acid residues from the hydrophobic domain, and the sec- 
ond contained a substitution of two residues that are strong 
a-helix breakers for two alanines. The first of these muta- 
tions severely inhibits processing and secretion of lipo-p- 
lactamase in £ cod, whereas the latter slightly enhances 
processing or secretion of iipo-p-lactamase in the pro- 
karyotic system. Neither of these alterations appear to 
affect either the amount of processing or secretion of lipo- 
p-lactamase in yeast. The tolerance of deletions in the 




yeast invertase signal peptide has been demonstrated 
recently. Deletions retaining eight out of the eleven con- 
tiguous hydrophobic amino acid residues of the hydro- 
phobic domain were found to be fully active for secretion 
of this protein (Perlman er a/., 1986). Thus the remaining 
hydrophobic amino acids of the lipo-p-lactamase 
hydrophobic core may be sufficient for secretion in yeast. 

Cysteine at position 21 of lipoprotein and lipo-p-lac- 
tamase is modified by lipid in £ coli. In yeast, however, 
cysteine 21 is removed upon processing of lipo-g-lac- 
tamase. It is interesting to note that a number of glyco- 
proteins undergo fatty-acid acylation in the endoplasmic 
reticulum. This modification, however, is subsequently 
removed at some stage during (or after) transport of these 
proteins to the cell surface (Wen and Schlesinger, 1984). 
Since more than 60% of the lipo-p-lactamase in yeast is 
not processed, it will be interesting to test whether any 
lipid modification does occur. 

Processing of tipo-p-lactamase is different in the yeast 
and £ coli systems. Whereas changes in the structure of 
the signal peptide of lipo-fi-lactamase and invertase are 
tolerated in yeast secretion, £ coli secretion is very sen- 
sitive to changes in any one of the structural domains of 
the signal sequence. Consistent with this notion is a recent 
paper by Kaiser et ai (1987) which demonstrates that up 
to 20% of human 'random' sequences will at least partially 
function in secretion of invertase. Except for a tendency 
of these sequences to be hydrophobic, it appears that the 
specificity of the signal sequence structure required for 
recognition is low. Recently, we have also shown that the 
mutant lipo-p-lactamase from pCOP2 was processed in a 

en il/qr\/r*fi^ npll_frp£» ewetpm ac offipionth/ thp wilrt-tVQP 

lipo-p-lactamase (Garcia et ai, 1987). These differences 
observed in the secretion of lipo-p-lactamase in £ coli 
and yeast may reflect fundamental differences in the 
secretory machinery of prokaryotes and eukaryotes. 



Experimental procedures 

Strains plasmids and growth conditions 

The Saccharomyces cerevisiae strain DMM1-15A (Ieu2, ura3, 
ade2, his5) and the piasmid YEp51 were kindly provided by Dr 
J. Broach (Broach et ai, 1983). The growth medium (SD) used 
in all the experiments contained 0.67% (w/v) nitrogen base without 
amino acids and 2% (w/v) of either dextrose or galactose and 
was supplemented with the appropriate amino acids. Cultures 
were pre-grown to stationary phase (12-24 h) in SD dextrose 
media at 30°C. These cultures were then inoculated into fresh 
SD media and supplemented with the appropriate carbon source. 
Lithium acetate DNA-mediated transformation was used for S. 
cerevisiae (Ito et ai, 1983). E. coli strain SB221 and standard 
cloning techniques have been described previously (Ching and 
inouye, 1985). 
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Cell labelling and immunoprecipitation 

S. cerevisiae 0MM1 -1 5A cells containing the appropriate piasmid 
were grown to 2x10 ceils mr 1 , harvested, and resuspended in 
fresh SD media lacking methionine. After growing the cells for 30 
min at 30°C, 1 00 p.Ci [ 35 S]-methionine was added to a 5-ml culture 
and the cells were incubated for 30-60 mm. The labelled cells 
were collected by centrifugation, washed once with fresh SD 
media, and resuspended in 300 jjlI of TE (10 mM Tris, pH 8, and 
1 mM EDTA). Cells were broken by vortexing with glass beads 
for 1 min and centrifuged to recover a clear supernatant. This 
extract was immunoprecipitated with [3-lactamase antiserum and 
formaldehyde-treated Staphylococcus aureus A Cowan cells 
(Kessler, 1975) and then analysed by SDS polyacryfamide gel 
electrophoresis as described (Ghrayeb and Inouye, 1984). 
Quantitation of film darkening observed on autoradiograms was 
carried out using a Shimadzu model CS-910 dual wave-length 
scanner. 

Southern blot analysis 

Yeast DNA was prepared as described by Sherman et ai (1983). 
DNA was transferred to nitrocellulose essentially according to 
Southern (Southern, 1979). A 1.5 kb Xba!, BamH\ fragment from 
piasmid pJG31 1 , containing the lipo-p-lactamase gene, was nick- 
translated and used as the probe. Hybridization was performed 
in 3xSCC (1xSSC = 0.15 M NaCI, 0.015 M sodium citrate) 
3xDenharts solution (Denhardt, 1966) and 0.5% SDS at 65°C 
for 12-16 h. The filters were washed in 3xSSC, 0.5% SDS at 
65°C for 2 h, dried and then autoradiographed. 

Localization of prolipo-p-lactamase 

The subcellular localization of prolipo-p-lactamase was deter- 
mined by a modification of the method of Harrington and Douglas 

(oou). [ Oj-intftruOniiiw-idDeiieu yeaui 1-6113 nai uuufiny pv^wi . 

were washed and resuspended to 2x10 s cells mP 1 in 0.5 ml of 
1 M sorbitol, 50 mM Tris, pH 7.4, 2 mM dithiothreitol, 10 mM 
MgCl 2 , 20 mM sodium azide, and 0.5 mM phenyimethytsulfonyl 
fluoride (PMSF). Zymolyase-20T (Siekbagaku Kogyo, Co, Ltd: 
30 p4 of a 2 mg ml -1 stock) was added, and the suspension was 
incubated at 30°C for 30 min with gentle shaking. Formation of 
spheroplasts was monitored microscopically. The spheroplasts 
were harvested in a Sorval clinical centrifuge at 1000 rpm for 5 
min at room temperature (the supernatant fluid constituted the 
periplasmic fraction) and resuspended in 0.5 ml of 50 mM Tris, 
pH 7.4, 3 mM EDTA, 0.5 mM PMSF. The cells were broken by 
sonication, then centrifuged at 300 000 xg for 20 min using a 
Beckman Model TL-100 tabletop ultracentrifuge. The soluble frac- 
tion was removed, the membrane pellet resuspended in 0.5 ml 
of the same buffer and all fractions then subjected to immuno- 
precipitation and SDS polyacrylamide gel electrophoresis as 
described above. 



Enzyme assays and other procedures 

Detection of (3-lactamase activity in SDS polyacrylamide gels was 
performed as previously described (Tai er ai, 1 985). The method, 
in summary, includes renaturation of [3-lactamase by washing of 
SDS gels in the presence of ampicillin. Whatman paper stained 
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The function of ^ff^ 
(propeptides), ^""""f^teiii.. is poorly 
precursor forms of ^£»™ iA hormone (prepro- 
stood. Human prepropar a^ 0 * • 8Ucn a propep- 
PTH), a precursor protein^ c ° nta,n ^f ur60I . containing 
is ^%^^Z^%Tlrnino acid pro- 
a 25-amino acid signal ?«l ue " ■ . secreted pep- 
peptide, and the 84-amino ^acid £.tu« ^ 
Ji. Cloned cDN A «^ a mutant miss- 

oligonucleotides *££ QCes . Tte effects of 

ing precisely the P™7£"5^taction and on secre- 
this deletion on sl ^Jt^r expression of the mutant 

cDNA in intact cells and .u >•« « presence of micro- 
tem using syntbet. : mRN Am « in w ^ 
somal membranes. The mutant p ^ 

inefficiently ^^'^site and within the signal 
occurred both at the normal Jte ^ n . 

sequence. Thus for J. he . p ^ 1 d " T ; il stream and separate 



0 iw translated with amino- 
Secretory proteins are generaUy U^* ^ 
terminal sequences termed signal sequ endoplasmlc 
interaction with the membrane ot ^ h 

reticulum (Blobel ^J>*J»**^ . m some cases, after 
and Meyer, 1986; W^i^'id^toth-n-te. 
signal cleavage the resul taut pre cursors, called 
seVreted form. Often, ^^J^eSe bu? containing pep- 
P^-iW^^^^SS secreted protein, are 
tide residues no found in ^ ^^ecific regions, 
found intracellularly. The ext^ pr P d from the 

termed propeptides, « '^ffl rf *»» 
intermeiate precursor only at the m and & . 

ory pathway, in the ^^^^Jito (Qrci et ^ 
mons, 1986) and developing : t0I J ( £ e9> by enzyme s sUll 
1986). Cleavage occurs after dibasic r 

being characterized (Steiner et m unlikely 
Unlike signal sequence ; P r0 ^"^^ t0 pro tein, because 
to have one uniform ^^^ tt an d structures vary 
their lengths, ^ atl0n8 'Vi Jr 1982). Possible functions of 
so greatly (Docherty and Steiner^aa^ 

& " ~~ . vt..: a l Institutes 



ereaLij V1 ^~~— - ^ „ 

_____ " "T rt hv National Institutes 

•This in»*«K^tafiM of * U 
of Health Grant AM27758. The costs oi p Thlg articl e 

^'defrayed in ^^Sffi&K^ - ~«*«« 

;SSStf^ia DK077C and 
^&£o«d by National ^search Sjr* «A ^ Curtent 
National Institutes of Hf^cTon and Clinical Ctr.. American 
address: Geriatric ^'^S C tr„ Tacoma, WA 98493. 
uke Veterans Administration Meoicu 



providing linkage for ^^3' produ cts of proopiome- 
creted peptides, such » *f ^g. P 4) con ferring a diverse 
ianocortin (Herbert and U^r ^^vely cleaved pre- 
spectrum of actons to » ™ f ° omatos tatins SBIF-U and 
cursors, such as the P^f r ^ acting as sorting se- 
SRIF-28 (Noe and Smess £83 ^ „ th gh 

quences (Guan and Rose, WW \ J endoplasmic reticulum 
L secretory pathway rom the rough ena^ 6) 

to the <^T l «r^5^.S^ by t 

assure optimal signal fanf on - precU rsor protein 

The site of cleavage of tto-g^^'X based on the 
can be predicted f 7 ^^^ residues, relative to 
observed frequency of ce rtam ^ fli _s (Perlman 

the cleavage site, in already character s ig86b) 
a?d Halvorson, 1983; von IW ^^^Sto and forbidden 
From such analyses, jp-U«rf Acceptable 
nces ^rderi^ h^cleavag ^ residue 

cleavage uouia^ , pnva _ e site must be smau v - 

at position -1 from the c eavaff s at ition 3 

Ser, Gly, Cys, Thr or GWjjdtt or ft d e . 

mU st not be aromatic, c ^^" g the exp e Ct ed distribution 
This (-3, -1) role domain (-13 to +2). 

of other amino acids ^^T t ^trix to calculate the 
has been used to construe^ ^ ^ the cleav age 
probability of cleavage at a specie ^ ^ 

domain of eukaryotic P r0 ^ aU J^ c ^ s khin a window 4- 

l 986b) - u f „,tion of propeptides, we have chosen 

To investigate the fimcton of rathyro id hormone 

as a model the secretory pro^in preP P ^ fa th 

(pr e P ro-PTH) } Biosyn ^.f^ne (PTH) is formed 
parathyroid gland, PTH. This precursor under - 

U»ttol^.P«t*5^S.Sw- to yield PTH; the 
goes two successive P»*~ 1 ?™ c ^ is cleaved off in the 
ransitory amino-termina signal ^ flU to yie ld the 
rough endoplasmic ^7^^ and Elting 1983; 
intermediate P^^JJLi»d later in the Golgi to 
Habener et ol., 1979) whicni v d mature PTH is 

produce PTH (Habener^^ 

v . — " u.~^A Hormone; bus, 



duce r 1 n in a^-— — — — ng 

- , ■ — — " Zrva Dar athyroid hormone, bus, 

ferase gene. 



19771 



19772 

an unglycosylated 84-residue protein whose classical actions 
are to raise blood calcium and lower blood phosphorus by 
acting on bone, kidney, and, indirectly, on intestine (Habener 
et a/., 1984). The primary translation product, prepro-PTH, 
has a 25-amino acid signal, followed by the highly basic 6- 
residue propeptide sequence. 

The small size of prepro-PTH's propeptide makes unlikely 
most of the hypotheses about function outlined above. The 
human propeptide (Lys-Ser-Val-Lys-Lys-Arg), is cleaved 
from pro-PTH just before secretion, presumably in the trans- 
Golgi tubular network. Processing occurs after the dibasic 
residues Lys-Arg. Pro-PTH is not secreted from cells (Habe- 
ner, 1979), and neither the pro-specific fragment nor any of 
the its possible degradation products accumulates in the cell 
(Habener, 1979); thus, any role for the propeptide must be an 
intracellular one. 

The propeptide of pro-PTH should serve as an appropriate 
model for analyzing the function of other short ammo-ter- 
minal propeptide sequences. To test for potential functions, 
we have used a human prepro-PTH cDNA clone to generate 
a mutant gene (called pre(Apro)-PTH) lacking precisely and 
only the pro-specific sequences. The propeptide deletion was 
created by oligonucleotide-directed mutagenesis. Two inde- 
pendent but parallel approaches were used in the analysis: 
the mutant pre-PTH cDNA was integrated stably into eukar- 
yotic secretory cells using a retroviral vector; furthermore, the 
cDNA was expressed by translation of synthetic mRNA in a 
cell-free extract containing microsomal membranes. The 
studies reported here define a role for the propeptide in signal 
function, since the pre(Apro)-PTH mutant precursor is 1) 
inefficiently translocated, 2) inefficiently processed to PTH- 
related peptides, and 3) cleaved at both the normal site and 
at an alternate site located two amino acids proximal to the 
normal site within the signal sequence. These results indicate 
that, in the eukaryotic protein prepro-PTH, sequences im- 
mediately downstream and separate from the classically de- 
1 nqrw»rtc nf sipTifll seauence func- 

tion. 

EXPERIMENTAL PROCEDURES 
Materials 

Restriction enzymes, T4 DNA ligase, and Escherichia coli RNA 
polymerase were from New England BioLabs. Formalin-fixed Staph- 
ylococcus aureus (IgG-sorb) was from the Enzyme Center, Inc. L-[ S] 
Methionine and L-[ 3 H]leucine were from Amersham Corp. Trypsin 
and a-chymotrypain were from Sigma. RQ1 DNase and canine pan- 
creatic microsomal membranes were from Promega Biotec. 

Methods 

Cell Culture— GHiCi rat pituitary cells were grown in Costar plas- 
ticware in Dulbecco's modified Eagle's medium with high glucose {4.5 
g/Hter) and 10% fetal calf serum (Gibco), in 95% air and 5% C0 2 . 
The cells were replated every 5-7 days, using 0.05% trypsin and 0.02% 
EDTA to disperse the cells. The ^-2 cell line (Mann et aL, 1983), a 
clonal NIH 3T3 cell line stably transfected with modified Moloney 
murine leukemia virus, was a gift of R. Mulligan (Massachusetts 
Institute of Technology). 

In Vitro Transcription and Translation— pGLlOl-based (Guarente 
et al. t 1980) plasmids containing the UV5 lac promoter region were 
transcribed in vitro by E. coli RNA polymerase as described (Kronen- 
berg et oi., 1983). The transcription reaction was subjected to RQl 
DNase digestion (to remove the DNA template) and then extracted 
with phenolchloroform and ethanol -precipitated. The mRNA concen- 
tration was measured spectrophotometrically. The resulting mRNA 
was translated in a nuclease-digested reticulocyte lysate in the pres- 
ence of either [ M S]raethionine or [ 3 H]ieucine, as described previously 
(Kronenberg et ai., 1983). To test for membrane translocation and 
signal peptidase cleavage, rough microsomes from canine pancreas 
were included in the translation reaction, either prepared by the 
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method of Shields and Blobel (1978), or purchased from Promega 
Biotec. 

To then assay for cotranslational translocation, trypsin, a-chy- 
motrypsin, and, in some reaction, Triton X-100 (1% final concentra- 
tion) as a control were added to the cell-free system 30 min after the 
initiation of translation. As an additional control, microsomal mem- 
branes were added to some reactions post -translation ally. Reactions 
were then incubated 90 min on ice, followed by the addition of 
aprotinin (150 KIU) to all reactions, and then Triton X-100 (0.2% 
final concentration) to those without prior Triton X-100 addition. 
Radiolabeled proteins were then subjected to immunoprecipitation. 

Immunoprecipitation and Gel Electrophoresis— Reactions contain- 
ing radiolabeled proteins were immunoprecipitated, after preclearing 
overnight, as described (Hellerman et aL t 1984). The pellets were 
extensively washed in RIPA buffers (10 mM Tris-HCl, pH 7.2, 1% 
Triton X-100, 0.1% SDS, 1% deoxycholate, 5 mM EDTA, and 0.02% 
NaN 3 ), dissociated in sample buffer, and run on 15-20% SDS-poly- 
acrylamide gradient slab gels (Laemmli, 1970). Gels were incubated 
in En 3 hance (Du Pont-New England Nuclear) according to directions 
supplied by the manufacturer and dried Proteins were visualized 
with fluorography on Kodak XAR-S film. Quantitation of bands on 
the gels was performed by scanning densitometry on an LKB 
UltroScan XL laser densitometer. 

Amino- terminal Sequence Determination— WH -peptides were ra- 
diolabeled in the presence of [ M S] methionine either in intact cells or 
in reticulocyte lysates programmed with mRNA from the in vitro 
transcription reactions. Peptides were isolated by immunoprecipiU- 
tion as described above, followed by SDS-polyacrylamide gel electro- 
phoresis on high resolution (27 cm) slab gels. Gels were dried without 
Enhance, autoradiography was performed, and the region of the gel 
containing PTH peptides was excised with a razor blade. The eluate 
from overnight incubation of the gel slice with a solution containing 
1% triethylamine, 0.1% SDS, and 200 M g/ml gelatin was lyophilized 
and subjected to automated Edman degradation using a Beckman 
Model 890C protein sequenator and a 0.1 M Quadrol program as 
described previously (Kronenberg et ai, 1983). 

Plasmid Constructions— The methods for preparation of plasmid 
DNA, cleavage with restriction enzymes, purification of fragments, 
and ligation reactions were performed as described (Hendy et al. t 
1981). A plasmid encoding pre(Apro)-PTH was constructed using 
oligonucleotide-directed mutagenesis (see "Results"). The synthetic 
82-base oligonucleotide fragments were synthesized on a Model 380A 
DNA synthesizer from Applied Biosystems, by the solid-phase phos- 
phoramidite method. Sequencing of the mutant cDNA, to confirm 
the sequence (after cloning), was by the chemical method of Maiam 
and Gilbert (Maiam and Gilbert, 1980). The plasmid pZlP-v-gpt was 
a gift of R. Mulligan. 

DNA Transfections and Viruses— DNA transfections were per- 
formed with 10 Mg of plasmid DNA by the procedure of Graham and 
Van der Eb (1973), as modified by Parker and Stark (1979). Virus 
infection was performed in the presence of 8 of Polybrene/ml for 
2.5 h t as described (Hellerman et a/., 1984). Aminopterin was omitted 
from the gpt-selection medium for GH 4 Ci cells (Mulligan and Berg, 
1981). 

To radiolabel cells for pulse-chase studies, confluent 100-mm 
dishes were rinsed twice in methionine -deficient Dulbecco's modified 
Eagle's medium containing 10% dialyzed fetal calf serum. Cells were 
then incubated with 0.5 mCi of ( M S]methionine in 3 ml of medium. 
Chase was initiated by rinsing cell layers once with phosphate- 
buffered saline and refeeding with fresh normal Dulbecco's modified 
Eagle's medium containing 30 mg/1 of nonradioactive methionine. 
Incubations were terminated by lysis in detergent-containing RIPA 
buffer with 500 Mg/ml phenylmethylsulfonyl fluoride added Cell 
lysates were forced repeatedly through a 22-gauge needle to shear 
DNA, and both media and cell lysates were spun for 15 min at 15,000 
x g. Samples were then processed for immunoprecipitation and SDS- 
polyacrylamide gel electrophoresis as described above. 

RESULTS 

Construction of pre(±pro)-PTH Deletion Mutant cDNA— 
Oligonucleotide-directed mutagenesis was used to delete the 
18 nucleotides that encode the 6-amino acid propeptide from 
prepro-PTH. Synthetic HindUl and BamUl cleavage sites 
had previously been inserted at the ends of human prepro- 
PTH cDNA (Born et ai, 1986). Employing a Bglll site for- 
tuitously located precisely at the end of the prepro-sequence, 
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peptide was synthesized (1:10 dilution), the processing was 
somewhat inefficient. Fig. 1 compares quantitatively the 
cleavage of normal prepro-PTH to the cleavage of pre( Apro)- 
PTH. The relevant bands were scanned, and the fraction of 
synthesized protein cleaved at each membrane concentration 
was calculated. Even at low protein concentrations, 
pre(Apro)-PTH peptide was inefficiently processed when 
compared to normal prepro-PTH. The difference between the 
processing of pre(Apro)-PTH and prepro-PTH was statisti- 
cally significant at the p = 0.037 level using the nonparametric 
triangle test (Hollander and Wolfe, 1973). 

Deletion of the propeptide from the prepro-PTH molecule 
therefore resulted in inefficient cleavage of the signal in a 
cell-free system, even though the actual signal sequence was 
unaltered in the mutant precursor. As will be discussed in 
more detail later, amino-terminal sequence analysis was car- 
ried out on the processed PTH product to determine the site 
of cleavage. The predominant processed protein produced in 
the reticulocyte lysate was authentic PTH, generated by 
cleavage of the signal sequence at the normal position (data 
not shown). 

Translocation of Pre(^pro)-PTH through the Membrane— 
A proteolytic protection protocol was used to determine the 
location of precursor and product in the cell-free system, 
relative to the phospholipid bilayer. Since signal peptidase is 
located on the inner face of the membrane, any processed 
product must have been translocated through the membrane 
in order to have been a substrate for signal peptidase activity. 
However, translocation can occur without signal cleavage 
(Hortin and Boime, 1981), and consequently must be meas- 
ured by an assay independent of cleavage. Limited trypsin/ 
chymotrypsin digestion in the presence of membranes there- 
fore more directly assesses translocation through the mem- 
brane. Trypsin and chymotrypsin were added after the com- 
pletion of translation in the presence of rough microsomes 
from canine pancreas and [ 3 H]leucine, and samples were 
:„ rt ,^ q f^ f 0 r on miTi nn ice Radiolabeled proteins were 
immunoprecipitated after inactivating the proteases with 
aprotinin and subjected to SDS-polyacrylamide gel electro- 
phoresis as described above. 

Radiolabeled protein resistant to degradation is presumed 
to be protected within a membrane -bound space, isolated from 
protease digestion. In the presence of rough microsomes from 
canine pancreas, pro-PTH cleaved from prepro-PTH was 
completely protected from limited digestion (Fig. 2, lanes 3 
and 6), while precursor prepro-PTH was sensitive to digestion 
and disappeared. Similarly, processed PTH from pre(Apro)- 
PTH was also protected (lanes 11 and 14), while the precursor 
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was not. The first two lanes in each set again demonstrate 
the inefficient processing of pre(Apro)-PTH seen in Fig. 1 
(compare lane 2 to lane 10 in Fig. 2). The translocation of 
pre(Apro)-PTH was therefore less efficient than the translo- 
cation of normal prepro-PTH. The PTH-peptides were in- 
herently digestible, since disruption of membrane integrity 
with detergent led to digestion of both the precursor and the 
product (lanes 4, 7, 22, and 15) radiolabeled proteins at two 
different protease concentrations. The peptides were not pro- 
tected from digestion by a nonspecific hydrophobic interac- 
tion with membranes, since addition of microsomes after 
translation did not protect them from digestion (lanes 5, 8 t 
13, and 16). 

Processing and Secretion of Pre(Apro)-PTH by Cells Infected 
with Recombinant Retrovirus— The cell-free studies outlined 
above indicate that processing of pre(Apro)-PTH is ineffi- 
cient. Cell-free systems best assay the early steps in secretion. 
In order to examine the later stages of secretion, and to 
confirm the cell-free data, clonal secretory cell lines express- 
ing pre(Apro)-PTH were established using recombinant retro- 
virus. The rat pituitary GH4C1 tumor cell line was chosen as 
the recipient cell line for the transfection studies, because it 
is a well characterized prolactin-secreting line (Tashjian et 
ai., 1978). These cells do contain some vesicles and secretory 
granules at the cell periphery, and respond in a physiological 
manner to thyrotropin- releasing hormone by increased re- 
lease of prolactin (Tashjian et at., 1978). PTH-derived pep- 
tides use the normal secretory pathway in these cells, since 
clones expressing prepro-PTH respond to a thyrotropin -re- 
leasing hormone challenge by increased release of PTH into 
the media (Hellerman et al., 1984). The pre(Apro)-PTH re- 
cipient GH4C1 clones derived by gpt selection were character- 
ized by immunoprecipitation using affinity-purified goat anti- 
human PTH antisera. Four independent clones were estab- 
lished and shown to secrete identical products; one was used 
for the detailed characterization of pre(Apro)-PTH process- 
ing. 

Cells were pulse-labeled for 15 min with [~S]methionine 
and then chased for the times indicated (Fig. 3a) with medium 
containing excess nonradioactive methionine. Media and cell 
lysate samples were immunoprecipitated and separated on 
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Fig. 2. Translocation of PTH-related peptides. Translation 
reactions were performed in the presence of rough microsomes [KM ) 
in indicated lanes; membranes were added only post-translationally 
(MPT) in indicated lanes. After translation, trypsin and chymotryp- 
sin <T + CT) were added at the concentrations indicated. Tnton X- 
100 was added at the same time as the protease in the indicated lanes 
[Del). Precursor and processed products are indicated by arrows. 
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FiG 3 Pulse-chase analysis of control GH4C1 cells and 
GH 4 d cells synthesizing prepro-PTH pre(Apro)-PTH Immu- 
noprecipitates of cell lysates (a) and media (b) were electrophoresed 
after cells were labeled with [ 35 Slmethionine for 15 nun and chased 
with nonradioactive methionine for the indicated times. 
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15-20% SDS-polyacrylamide gradient slab gels and then proc- 
essed for fluorography. The results of a pulse-chase analysis 
of a clone expressing normal prepro-PTH are shown in Fig. 
3a. As in normal parathyroid cells, no prepro-PTH precursor 
was detected after a 15-min pulse labeling of such cells (lane 
i), because cleavage and removal of the signal sequence is 
presumably cotranslational. The predominant products im- 
munoprecipitated at the earliest time point were pro-PTH 
and PTH [lane i). With time, pro-PTH was converted to 
PTH {lanes 2-5), and PTH was found secreted into the 
medium at 15-30 min post-chase (Fig. 36). Neither precursor 
prepro-PTH nor pro-PTH were secreted into the media from 
these cultures. 

In cells that had integrated the pre(Apro)-PTH recombi- 
nant retrovirus, the protein that co-migrated with the un- 
cleaved precursor pre(Apro)-PTH marker protein produced 
in a cell-free extract without membranes (marker not shown) 
was the predominant PTH-related protein at the end of the 
15-min pulse (Fig. 3a). The mutant clonal cell line contains 
less peptide than the clonal line expressing normal prepro- 
PTH, presumably because the site of integration affects the 
level of gene expression. The inefficient processing of the 
pre(Apro)-PTH precursor {lane 6) was in striking contrast to 
the efficient processing of normal prepro-PTH (which is 
therefore not visible in lane 1). The precursor pre(Apro)- 
PTH although a predominant band at the earliest time point, 
rapidly disappeared from the cells. Since the precursor was 
not secreted into the media (Fig. 36), it was either rapidly 
degraded or cleaved to the PTH-sized product m Fig. 3a. 

In the medium from cultures expressing pre(Apro)-Pl H, 
PTH-sized peptide was secreted with kinetics similar to that 
of native PTH, appearing around 30 min (Fig. 36, lane 8). No 
bands that co-migrate with PTH-peptides were immunopre- 
cipitated from untransfected GHA (lanes 11-15). 

Sequence Analysis of Products Secreted into the Medium- 
The sites of cleavage of normal prepro-PTH are accurate in 
~ ,t_t n A -/ iq$LO Tn rViarflctenze the site 

(iHiUi ceils trienernmn et cu., a?^. — 
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PTH as the processed product (Fig. 4c). Cleavage at hi s te 
conforms to L (-3, -1) rule, although this site , onl> h«e 
amino acid residues downstream from the end o _th hyd o 
phobic core of the signal. In the pulse-chase study (Fig. 3a) 
Lse two peptides were found both 

fS^^l^ — es L t h P e same 
Line .cs. Removal of the propeptide therefore led to ambiguity 
in the site selected by signal peptide for cleavage of the 
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FlG. 4. Amino-terminal radiosequence analysis °< P™**™ 
secreted from GH4C1 cells synthesizing pre(Apro)-PTH. Pro- 
teins were separated by gel electrophoresis after labeling of ceUs with 
[»SlmethionL. The sequence of the upper ^bandW 
Ihe methionines found at positions 8 and 18 of PTH are located at 
positions 10 and 20 in this protein. The sequence of the lower band 
(fc) is that of PTH. The cleavage sites that are suggested by the 
methionine peaks are indicated in c. 

signal peptide, but did not dramatically alter the kinetics of 
section A second cleaved product was not detected ^ 1 the 
cell-free translation reactions, in contrast (Figs. 1 and I). 
However, sequence analysis of the P^_f»««|^ fj 
vitro suggested that a small amount of Asp-Gly-PTH might 
be synthesized in the cell-free system (data not shown). 

DISCUSSION 

The role played by amino-terminal propeptides in the com- 
nlex process of secretion has not been clarified. In order to 

human prepro-PTH as a model secretory protein and deleted 
the hexapeptide prosegment by oligonucleotide-directed mu- 
tagenesis of cloned cDNA. This precise deletion created a 
cDN A encoding a peptide consisting of the naturally occumn 
25-residue-long signal peptide from prepro-PTH rased in 
fhie wtth the mature PTH molecule. We have used this 
cDNA to create vectors that program both in uUro reactions 
and intact cells for the expression of the pre(Apro)-PTH 

P TeTavrd P emonstrated thatprecise deletion of the propep- 
tide-sSc domain from the prepro-PTH molecule leads to 
nVfS translocation and processing of the signal sequence 
£ the precursor pre(Apro)-PTH. Furthermore, the de uon 
of The pro-specific peptide leads to ambiguity m the signal 
e vag^hosen oy signal peptidase. These n^Ujuj- 
eest that sequences immediately downstream from (carboxyl 
Krminal to) the classically defined signal sequence are im- 
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portant for proper signal function. The possible generality of 
this observation is suggested by the exonic organization of 
the human, bovine, and rat PTH genes (Vasicek et aL, 1983; 
Weaver et ai, 1984; Heinrich et ai, 1984). The first exon of 
the PTH genes contain 5'-noncoding sequences. Exon II 
contains both the entire signal and sequences encoding the 
first four amino acid residues of the propeptide domain (Vas- 
icek et ai, 1983; Weaver et at., 1984, Heinrich et a/., 1984). 
Given the hypothesis that exons are organized into functional 
domains (Gilbert, 1978), this organization supports the hy- 
pothesis that the propeptide segment, necessary for accurate 
cleavage and efficient translocation, be considered as part of 
the domain of the signal sequence. Many other signal-encod- 
ing exons similarly include portions of pro-encoding se- 
quences. 

Deletion of the propeptide portion of prepro-PTH does not 
dramatically alter the kinetics of secretion of PTH-related 
peptides in GH 4 Ci clones expressing pre(Apro)-PTH. Thus, 
the processed PTH-sized doublet travels the secretory path- 
way with relatively the same kinetics as does normal pro- 
PTH. The rapid secretion of PTH peptides from the cells 
synthesizing pre(Apro)-PTH suggests that the pro-specific 
sequence is not required for efficient transport of the PTH 
molecule from the endoplasmic reticulum to the Golgi. 

Translocation of pre(Apro)-PTH through the membrane 
was less efficient than the translocation of wild type prepro- 
PTH in cell-free extracts. This result is particularly interest- 
ing and somewhat puzzling because the signal is unaltered in 
the pre(Apro)-PTH mutant peptide. The explanation for this 
result, is not obvious. Perhaps the efficiency of cleavage by 
signal peptidase is reduced; in that case, the uncleaved pre- 
cursor might fail to cross the membrane or even slip back into 
the cell -free equivalent of the cytoplasm. Alternatively, the 
propeptide may directly influence translocation by a mecha- 
nism unrelated to inefficient signal cleavage. 

One of the most striking alterations in phenotype of the 
pre( Apro)-PTH precursor is the use of alternate cleavage sites 
by signal peptidase. In an attempt to define the features 
present in the mutant precursor peptide that might be re- 
sponsible for the use of the alternate cleavage site, the signal 
sequence was characterized by von Heinje's probabilistic 
method (von Heinje, 1986b). This method allows comparison 
of the mutant precursor to sequences of other characterized 
precursor proteins to predict appropriate cleavage sites. Since 
the residues bordering the alternative cleavage site are iden- 
tical in the mutant and normal peptide, there is no difference 
in the calculated probability that the alternate site, within 
the signal sequence, will be used While the probability of 
cleavage at the alternate site is high for both peptides (data 
not shown), the alternate site is, in fact, only used in the 
context of the pre(Apro)-PTH peptide. This site is used even 
though it is only 3 residues from the end of the hydrophobic 
core, outside of the cleavage window. Furthermore, a second 
site with high probability, after the serine at position 3 in 
mature PTH, is within the window for cleavage, and is used 
in related mutants missing the last several residues of the 
signal sequence as well as the propeptide, 2 but not in the 
pre(Apro)-PTH precursor. 

Examination of the primary structure of the pre(Apro)- 
PTH mutant thus fails to completely predict its phenotype. 
It has been suggested (Perlman and Halvorson, 1983) that an 
alteration of 0-turn potential and interruption of helical do- 
mains may be important structural features in determining 
the site of signal peptidase cleavage. Secondary structure 



2 K. M. Wiren, L. Ivashkiv, P. Ma, M. W. Freeman, J. T. Potts, 
Jr., and H. M. Kronenberg, submitted for publication. 



predictions of the prepro-PTH molecule (Chou and Fasman, 
1978) demonstrate that the pro-specific segment has no 
marked tendency to form secondary structure, either of the 
helix or 0-sheet type (data not shown). This possibly unstruc- 
tured region may be a preferred substrate for signal peptidase 
and/or may provide flexibility needed for efficient transloca- 
tion. Deletion of the propeptide juxtaposes the region of the 
predicted helix in the signal peptide near the helix in the 
mature PTH molecule (data not shown). Close approximation 
of these two helical regions may result in a change of confor- 
mation at the site of alternate cleavage that could lead to the 
use of the site unusually close to the hydrophobic core in the 
mutant precursor protein. 

Comparative studies of various signals (Perlman and Hal- 
vorson, 1983; von Heinje, 1983, 1986a, 1986b) have attempted 
to define the structural limits of the signal sequence. However, 
the nature of the role played by sequences downstream of the 
signal peptide on the secretory process remains unclear. Stud- 
ies with bacterial proteins have shown a variety of effects 
resulting from alterations of downstream sequences, including 
inefficient cleavage (Russell and Model, 1981), inaccurate 
cleavage (Dierstein and Wickner, 1986; Abrahmsen et al., 
1985), or no effect on processing (Haguenauer-Tsapis and 
Hinnen, 1984). Manipulation of sequences adjacent to signal 
sequences in eukaryotes had been infrequent. A major deletion 
in the beginning of the mature part of yeast acid phosphatase 
precursor resulted in minor impairment in processing in vitro 
(Takahara et al., 1985). Recent reports have shown deletion 
of propeptides from aprolipoprotein precursors can affect in 
vitro processing efficiency (Folz and Gordon, 1987) and choice 
of cleavage site (Folz and Gordon, 1986). The similarities of 
the abnormalities associated with the deleted forms of these 
precursors in vitro and prepro-PTH further support the sug- 
gestion that sequences immediately distal to the signal se- 
quence importantly influence signal sequence function. 

We suggest that one role of the propeptide is to act as an 
"adapter" between the signal sequence and the mature PTH 
molecule. Structure- function studies of PTH have demon- 
strated the vital role played by the serine at residue +1 of 
human PTH. Deletion of this serine residue or addition of 
another residue at position -1 dramatically decreases the 
bioactivity of PTH (Habener et ai, 1984). Since PTH acts by 
binding to cell surface receptors in several tissues Habener et 
al., 1984), we can conclude that PTH and its receptor have 
evolved together in a way that places important constraints 
on the amino terminus of the mature PTH molecule. At the 
same time, the signal sequence of prepro-PTH had to evolve 
under the constraints dictated both by the requirements of 
signal peptidase and other roles played by the signal. Perhaps 
sequences needed at the amino terminus of PTH inevitably 
decrease the efficiency of translocation and accuracy of signal 
peptidase cleavage. The propeptide may therefore act in many 
proteins as an "adapter" when signal peptidase might other- 
wise cleave inefficiently, or might cleave in several sites or 
even solely at inappropriate sites. Implicit in such a formu- 
lation is a rejection of the alternative hypothesis that signal 
sequences can easily adapt to the constraints imposed by 
adjacent sequences. Experiments with further mutants of 
prepro-PTH and other secretory proteins will be required to 
better define these postulated constraints and the hypothe- 
sized limits of the adaptability of signal sequences. 

In summary, we have directly tested the functional conse- 
quences of alteration of sequences immediately downstream 
from the signal on various aspects of signal function and on 
secretion from intact cells. We, of course, have not eliminated 
other potential roles for the pro-specific sequences. We have 
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established, however, that deletion of the prosegment of pre- 
pro-PTH results in reduced efficiency of processing and in 
ambiguity in the sites selected by signal peptidase for cleavage 
in vitro and in intact cells. The prosegment therefore contrib- 
utes to accurate and efficient signal function. 
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Studies on the bio^'^rS^ 

caryotes and «««^ ot " h *J^ ^cursors with 15 to 30 
proteins arc synthestzedm v tro as P m . nai of he 

additional amtno acids at J ne £ ni inal extension has 
m0 lecule (31). This ^"^Thas been shown in 
been termed the ^J^J^^ signal peptide from 
eucaryotes that upon emergence « * lex makes 
the large ribosomal subumt the nbosoj c ^ 
contact with the ™f™'/ Tt ^A im particle (48), and 
(E R) by binding » £^ Jdocking protein 

,u- ^ec U itine complex mnas m w» ,.*:-^ n iu; translocat- 

cleaved by signal pepti dase (2Z . ked t0 pro tein 

In eucaryotes, protein secretion « <» . paratU s. The 

glycosylation within the ^ ^ Y eastt is similar to that 

pathway of S only slight modifi- 

describedforh^ereuca^sJW w tem 

cations. Isolation « d , t c ^S^Sants blocked at van- 
perature-sensitive yeast ^tory rn ing mode i 

ous stages of this pathway (32, 33) ilea to i lation of 

SS The initial Winked ^^^^ of 
secretory proteins probata y occurs dun g ^ £R c 
the polypeptide through ^™ Golgi-like organelle 
oligosaccharides are then ."^^SJa* (3). Fully 
by the addition of outer chain sug s which 

glycosylated proteins are then packed . ^ plasma 

11 transported to the bud . here they us as 
membrane and discharge their contents le acld 

space (32). This mode hou Id* PP* been ^ udie d exten- 
phosphatase. Although this enzyme r . ization is m the 

ed to our understanding of the essenu* 
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peptides in protein ^n5yK^^; 
5^««»to»!»^^tfi^to!dy isolated and 
otic systems (16, 42). we na £ structural genes 
characterized two yeast acid pho jg«*J of which 
CP H05 and PH03) arranged ttndem W >. f ^ ^ Th 
code for proteins secreted to the sun , evels of 

expression of the PHOl ^ ,s ^ S ? cons titutively ex- 
phosphate, whereas the gene : P«w Q5 gene 
Jress'd. Our initial sequencmg da a of^ ^ ^ ^ 
revealed a stretch of 20 neutral am d the pres . 
terminus of the protein, which «w£jj£J analysis 0 f the 
en ce of a signal peptide. Am^^ffl was consistent wUh 
mature protein u. 4". ^ti^------^ . f 17 acid*. 

Seexistenceofasigna »P^^S fl„ktag the P«- 
The presence of ™W™*?TJ* two JCpnl sites; see 
sumed processing site ^'^VSietions on either side 
Fig. 1) enabled us to construct srnal de. fesu 
of the Pressing site- We present , and 

analysis of two ^ deletions of ^ d immedia t e . 

AJCpnl(AK)] beginning, espectrve j ^ ^ lha 

ly after the signal pe pti dase of regU i at ed acid 
processing, glycosyla ion and secreuon m prQC . 

phosphatase are affected m the ABS rnu , These 
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don). The self-replicating vector pJDB207 was constructed 

by B ^feria media. HB101 was grown in LB medium (29). 
JM101 was grown in YT medium containing (per liter) 
trvptone (8 g), yeast extract (5 g), and NaCl (2.5 g). 

Yeast media. YPD medium contained 2% Bacto-Peptone 
mtfco Laboratories, Detroit, Mich.), 1% yeast extract 
(Dtfco), and 2% glucose. Liquid minimal medium was based 
on Difco yeast nitrogen base without amino acids, to which 
2% glucose and the required amino acids (20 mg/litcr) were 
added. Minimal medium plates and slants were made from 
the same medium, to which 2% agar was added. Low-P, and 
high-Pi media were prepared according to the recipes of the 
above Difco medium with 2 g of asparagine per liter instead 
of (NH 4 ) 2 S0 4 and with 1 g of KH 2 P0 4 per liter (high ?■) and 
0 03 g of KH 2 P0 4 per liter plus 1 g of KCI per liter (low 
p.) In the labeling experiments, the MgS0 4 • 7H 2 0 content 
of low-Pi medium (0.5 g/liter) has been replaced by 
MgCl 2 * 6H 2 0 (0.4 g/liter) plus MgS0 4 • 7H 2 0 (0.005 g/uter) 
(low inorganic sulfate Sj medium). 

Construction of recombinant plasmids. T4 DNA ligase and 
restriction endonucleases except EcoRl (Boehringer Mann- 
heim Biochemicals, Indianapolis, Ind.) were from New 
England Biolabs, Beverly, Mass. These enzymes were used 
as described in the specifications of the suppliers. Restric- 
tion fragments were prepared by electrophoresis in low- 
melting agarose (type Sigma VII). After excising the frag- 
ments from the gel, agarose was melted at 65°C, and gel 
concentration was diluted to 0.3%. Ligation was then per- 
formed after mixing appropriate amounts of the required 
restriction fragments. This mixture was directly used to 
transform Ca 2+ -treated (26) HB101 cells or to transfect 
JM101 cells. Plasmid isolation was as described by Clewell 
(12). 

Yeast transformation. Yeast strain GRF18 grown m YPD 
medium was transformed as described by Hinnen et al. (18). 
Samples of the spheroplasts were suspended in 5 mi of 
regeneration agar, plated on Leu yeast minimal medium 
plates, and incubated for 4 days. Leu + transformants were 
then picked and stored on Leu" minimal medium slants. 

Cell growth and derepression of acid phosphatase. GRF18 
as well as transformants were grown overnight in minimal 
medium plus histidine (20 mg/litcr) and leucine (20 mg/liter) 
(for the parent strain) or histidine alone (for the transfor- 
mants). They were harvested and suspended at an optical 
density at 600 nm (OD^o) of 0.05 (except in the case of Fig. 3 
[OD^ of 1]) in low-Pi or high-Pi medium (or low-Pi, low-Sj 
medium for the in vivo labeling experiments) and further 
grown overnight. Growth was stopped during mid-logarith- 
mic phase (usually at an ODeao of 1.5). 

RNA preparation. Total cellular RNA from yeast strains 
was prepared as described by Meyhack et al. (29) from yeast 
strains grown and derepressed in low-Pi medium. 

Toluene treatment. Toluene treatment was performed as 



described by Serrano et al. (43), with slight modifications: 50 
u.1 of ethanol-toluene (4:1) was added to 1 ml of yeast cells in 
growth medium and then submitted to 5 min of vortex 
agitation (Multivortex; speed 6). Control experiments 
showed that the efficiency of permeabilization was indepen- 
dent of the amount of cells per milliliter. 

Acid phosphatase activity. Intact whole cells in growth 
medium, toluene-treated cells in growth medium, or super- 
natant growth medium was assayed for acid phosphatase 
activity as described by Toh-e et al. (47), with slight modifi- 
cations. The reaction mixture (0.5 ml) contained 0.05 M 
acetate buffer (pH 4), p-nitrophenylphosphate (0.45 mg/ml), 
and a suitable amount of enzyme (50 to 100 p-1 of untrans- 
formed cells or supernatant medium and 2 to 10 \l\ of 
derepressed transformed cells). The reaction was carried out 
for 10 min at 37°C and stopped by the addition of 0.12 ml of 
25% trichloroacetic acid, followed by 0.6 ml of saturated 
Na 2 C0 3 . When necessary, cells were removed by centrifu- 
gation before reading the absorbance at 405 nm. One unit of 
acid phosphatase activity is defined as the amount of enzyme 
which catalyzes the liberation of 1 \imo\ of p-nitrophenol per 
min at 37°C. 

Cell-fret translation. Total yeast RNA (50 \Lg) was trans- 
lated at 29°C in a nuclease-treated cell-free reticulocyte 
system (36) in a total volume of 50 u,l in the presence of 100 
M-Ci of [ 35 S]methionine (New England Nuclear Corp., Bos- 
ton, Mass.), in the presence or absence of purified bacterial 
leader peptidase (40 n-g/ml), and in the presence of 0.12% 
Triton X-100 which helps the action of leader peptidase. 
After 45 min of incubation, 1 mM phenylmethylsulfonyl 
fluoride was added, and after 5 min, the samples were 
dissociated with 4% sodium dodecyl sulfate for 4 min at 
95°C. The dissociation mixture was cooled to room tempera- 
ture, diluted with 2.5 ml of Triton buffer (50 mM Tris- 
hydrochloride (pH 8), 140 mM NaCl, 5 mM EDTA, 1% 
Triton X-100), and further used for immunoprecipitation. 

Labeling of yeast cells. Yeast cells grown and derepressed 
in low-P„ low-Si medium were harvested at an ODeoo of 1.5 
and suspended at an OD^ of 15 in 40 mM sodium citrate 
(pH 6) supplemented with 2% glucose and histidine (20 \igl 
ml). When indicated, tunicamycin (Calbiochem-Behring, La 
Jolla, Calif.) treatment was then performed by 30 min of 
incubation at 30°C in the presence of 10 M-g of tunicamycin 
per ml with gentle shaking. Labeling was performed by the 
addition of 500 u.Ci of [ 35 S]methionine per ml and by 
incubation at 30°C with gentle shaking. For subsequent 
chases, unlabeled L-methionine was added at a final concen- 
tration of 20 mM, and the incubation was continued. The 
effectiveness of each chase in stopping further incorporation 
into proteins was checked as described by Reid et al. (38). 
Incorporation was stopped and cells were denatured by the 
addition of 800 \l\ of 20% trichloroacetic acid to 200-pJ 
samples. Cells were immediately broken by vortexing them 
with an equal volume of glass beads (diameter, 0.5 mm) on a 



A8S 



AI6 TTT AAA Id GTT 0TT TA( T[A ATT TTa QCt GCT TCT 1*15 GCC AAT 



Ball 

X J- 

1*15 GCC AAT GCA GOT *CC Al 



KiWZt ATT CCC TTA GGC AAA CTA GCC GatW^T AAG ATT GOT ACC CAA AAA GAT ATC TTC CCA TTT TTG GOT GOT GCC GGA 



H.r p* l?1 V», v.l T„ W II. L« «. *. SK A* *yi r Thf U, Pro L.u G. r l„ ^ AU Asp v., *p L,. M. G„ T*r Gin l„ A iP *. Pro ft. L« C, Gl, «. G., 



FIG. 1. Nucleotide and ammo acid sequences at the beginning of structural genes of PHOS and us two deletions derivatives, ABS and AK. 
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Ohasht et al. (34). Preparation of ^cnbed by the same 
precipitation was then performed as descn y ss 
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beads were centrifuged. and supernatant ™J m{ of 

segmented proteins were ™?* dodecyl 

twofold-concentrated sample buff "^ 6 °8) 4 mM EDTA, 
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denatured solubilized prote ins was th n car « 
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sodium dodecyl sulfate concen rat o^ 0 .Mg. Fo rf 
precipitation of the supernatant cent rifuge), 
labeled cells were centrifuged (2 m in, bppen ^ 
and the proteins ^ ^ urn we^ p ^ 

ed by the addition of 800 ^ ot ztr/o 

20 ,d of bovme "^^T^^old-concentnied 
pellet was resuspended in 0.5 mr pi d jn a 

from , cell-free translation or ir o labeling iq% 

suspension of hea "^^Xged for 20 min at 20,000 x g. 
coccus aureus cells and "P}™"* . . d labe i e d proteins 
This step removed insoluble rn^ral ^ llet wa s 
binding nonspecifically to 1 b£end ^e^phospha- 
discarded. Antiserum specific agams . punn ^ rf ^ 

Use was added to the superna ( 1 0 J^™ ™ 20 „, in the 
vitro samples and «P«^i^S^%«ned- 

3 t room temperature. Fixed ? ure ™ ....^^inp was 

volume of antiserum) were adOec 

shaken for lh at rcomtemperatuejheyu 

then centrifuged, washed ( » J , rf le 
buffer, and extracted for 3 m, "^ 5 ed C b 7 t c ' entri fug a tion, and 
buffer. 5. aureus cells ^J^^^^X sulfate- 
the supernatant was analyzed by sodium _ ooa .y 
polyacrylamide gel el«trophore8» » 10% poly > 
Gel electrophoresis was ^rformed as descnoe y 
and Butow (14), and , the : dned gel were an 
ftuorography as desenbed by Chamberlain (U). 

RESULTS 

Construction of W^^^f^ 
PHOS gene with a modified ; *gna JJ^* 1 * the signa l 
in the DNA sequence coding foramu. sequence , or 

sequence, the adjacent «^ this region in 

both were used to analyze the . '^ ol " nls the nuc i eo tide 
secretion and glycosylatio^ Figure as well 

sequence at the 5' end of the ™^ c ™ 8 B ino acids at the 
as the derived amino acid ^^J^^? a signal se . 
NH 2 terminus show features char ^"^.°L j f ° llo wed 
quence: there is a charge amino a £ » ^™ >■ ^ 
by 14 neutral amino acids. ine .P UL an d Glv,» (1, 46). 
deavage site is between »mu»o ^.ds^i^G ly^ U 
Two deletions liave been constructed m pJ^' P a 
cames the structural genes or PHV ^ ^ 

fragment see Fg. ; ^*umj by 
sites (see Fig. D- Deletion an . d ligat . 

plasmid p29 with restriction endonuclease k P 
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mg the large DNA .^J^S^S 
is characterize lb, ^addetion , g 
amino acids). Deletion ABS was o_ 
plasmid P 29 with rest net ,on end nu dease^ ^ ^ ^ 
the 3'-recessed ends of the ifl . s« d$ f 

Klenow DNA polymerase, ^ »% NA l igase . 
the large DNA fragment ^ st S on Slte . The new 

T , h ' S TSno7S£ delSroS base pairs (13 

plasmid (p29/PWGO/aa;>j na ; At/ and ^BS deletions are 
amino aci^ three amin0 

shown in Fig. 1. The &do ae ^ . { { peptidase 

acids of the signal ^^^X^^ph^^ 
lavage site and sequence 
acid sequence. The AK del euon i re moves 14 

and the signal peptidase cleavage sje mtoct 
amino acids from the mature PHOS protein. 
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2) isolation of 7.2Wb 
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TABLE 1. 



Acid phosphatase activity of intact yeast cells transformed by plasmids carrying wild-type or deleted PHOS gene 



Yeast 
strain 


Plasmid 


Growth 
medium 


Acid 
phosphatase 

activity 
(U/OD600>° 


Derepression 
in low-p, 
medium 
(fold) 


GRF18 




nign r, 


0.003 








Low P, 


0.040 


13 


GRF18 


pJDB207/ 


High P, 


0.15 






PHOS 


Low Pj 


0.62 


4 


GRF18 


pJDB207/ 


High P; 


0.15 






/7/05/AK 


Low P; 


0.61 


4 


GRF18 


PJDB207/ 


High Pj 


0.04 






PH05/&BS 


Low ^ 


0.28 


7 



Increase due to 
presence of 
plasmid in 
derepressed cells 
(fold) 



15 



15 



- ™ -« ™ v - ™*>™ u. c Hiuu-uicu ui mc idoic; was grown 10 stationary phase in minimal mcd Urn with glucose as the carbon source 

and was moculated at an OD^ of 0.05 into high-P, or low-P ( medium. Growth was stopped when the OD w reached 1.5. Acid phosphatase activity^ole ce Is 
m their growth medium was then measured. 7 wi» 



We introduced the wild-type PHOS gene into the high- 
copy-number yeast plasmid pJDB207 (5) which carries the 
LEU2 gene. A 2.0-kb BamHl-Pstl fragment which contains 
the whole PHOS gene (promoter and structural gene) was 
isolated from plasmid p29 and cloned into M13mp8 (27). This 
step results in the addition of a HindlU site close to the Pstl 
site at the end of the gene (Fig. 2). The plasmid pJDB207 was 
cleaved with BamUl and HindlU and was then ligated with 
the 2.0-kb Bamm-Hindlll restriction fragment of M13mpS7 
PHOS. Plasmid pJDB207//>//O5 was used in the construc- 
tion of PJDB207/P//O5 derivatives carrying the deletions AK 
and ABS. The 2.0-kb BamHl-Pstl fragments of p29/PHOS/ 
AK and p29//7/05/ABS were isolated, and each was ligated 
to a mixture of the two 6.1- and 6.8-kb BamHl-Pstl frag- 
ments resulting from complete Bqtv.YW and partial Pstl 
digests of pJDB207AP//O5. Transformation of E. colt strain 
HB101 and selection for Amp R clones enabled us to obtain 
plasmids with the expected deletions (pJDB 201IPHOS! A K 
and pJDB2O7/i>//05/ABS). Restriction map analysis of the 
two deleted plasmids confirmed the extent of the deletions 
and the presence or absence of the expected restriction sites 
(data not shown). 

Acid phosphatase activity in yeast cells transformed with 
plasmids carrying PHOS and the PHOSiAK and PHOSl ABS 
deletions. The three plasmids bearing the PHOS gene, either 
wild type or deleted (AK, ABS), were used to transform 
GRF18, a Leu" wild-type yeast strain for the phosphatase 
genes. Leu + clones were selected and tested for repressive 
acid phosphatase activity. None of the transformed strains 
exhibited any change in growth behavior. Acid phosphatase 
activity was measured in intact cells, since the substrate p- 
nitrophenylphosphate has free access to the cell wall and the 
periplasmic space. The activity was increased in the pres- 
ence of any of the three plasmids, even after growth in high- 
Pj medium (Table 1). This suggests that the concentration of 
some regulatory component is not high enough to repress the 
system when the PHOS promoter is present on a high-copy- 
number plasmid. Under derepressed conditions in low-P, 
medium, the presence of the plasmids pJDB207/P//O5 and 
PJDB207//7/O5/AK induced a 15-fold increase of acid phos- 
phatase activity. Under these conditions, acid phosphatase 
was estimated to represent ca. 5% of the total protein as 
based on the specific activity of the purified enzyme (41). 

Results also show that the ABS deletion led to a smaller 



increase of activity as compared with the wild-type gene or 
the AK deletion (Table 1). To determine whether this smaller 
increase was caused by an incomplete secretion of the ABS 
deleted protein, the acid phosphatase activity was measured 
in toluene-permeabilized cells. Toluene treatment is known 
to impair plasma membrane permeability in E, coli (9) as well 
as in yeasts (43) and therefore leads to free access of the 
substrate to the cytoplasm. Transforrriants were shifted from 
minimal medium to low-Pj medium, and samples were taken 
at various times to permit the measurement of enzyme 
activity in intact whole cells, toluene-treated cells (Fig. 3A), 
and the supernatant medium (Fig. 3B). In the case of GRF18, 




FIG. 3. Acid phosphatase activity in intact or toluene-treated 
cells (A) and in supernatant medium (B) after derepression of yeast 
cells transformed with PHOS and ABS plasmids. GRF18 nontrans- 
formed cells (A, A) and cells transformed with PHOS (■, □) or ABS 
plasmids (•, O) were grown up to stationary phase in minimal 
medium, harvested, and suspended at an OD^ of 1 in low-P, 
medium supplemented with histidine and leucine (20 jig/ml; untrans- 
formed cells) or histidine alone (transformed cells). Samples were 
withdrawn at various time points during derepression and tested for 
acid phosphatase activity of intact cells (A; closed symbols), or 
toluene-treated cells (A; open symbols). Samples were centrifuged 
(3,000 x j,2 min), and acid phosphatase activity of the resulting 
supernatant was measured (B). At the end of the experiment, the 
ODwo were 2.1, 2.3, and 2.2, respectively, for GRF18 control ceils 
and cells transformed by PHOS and ABS plasmids. 
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the untransformed strain, and GRF18 transformed with the 
the wild-type PH05 gene the aad pho, 
nhatase activity of intact cells was identical to that ot cells 
£Si w,,h toluene (Fig. 3A),Th«w^«J«« 
for strains transformed by the plasmid pJDB^/fWto/ON 
(data ™? shown). However, in the case of cells transformed 
by plasmid pJDB207/P//O5/ABS, the add phosphatase ac- 

Sif of intac't cells was ^^n*^"^^ 
cells Strains transformed by plasmid P JDB , 207 ^XJ 
therefore produce an active phosphatase : only ha if of which 
reaches the cell envelopes even after 24 h of derepression. 
When GRF18 was transformed with the plasmid carrying the 
S-type gene, ca. 25% of the acid phosph rfjse W * 
detected in the supernatant (Fig. 3A and B). This result was 
,Uo obtained I with the AK deleted acid phosphatase (data not 
SwnTon he other hand, the ABS deletion led to a drastic 
decrease in the activity measured in the supernatant. 

fto^sing of wild-type or de.eted PHOS gene product ,n 
vivo and in vitro. The defect in secretion observed ,n the ABS 
delet.cn mutant was analyzed at the molecular ^ Toud 
RNA was prepared from the yeast strains transformed by 
dasmids carrying wild-type or deleted PHOS genes. In vitro 
Sation p7oducts were analyzed after ^^SS" 
,ion with an antibody reactive against acid P^P^"- 
followed bv sodium dodecyl sulfate-polyacrylam.de gel elec- 
ShoresU and fluorography. The relative jn^Jfg 
observed for the in vitro PHOS gene product (Fig 4, lane I) 
was ca. 58 k.lodaltons (kDa) which corresponds to he ^ 
kDa polypeptide observed by others (7 40). Both estimates 
are slightly higher than those deduced from th DNA se- 
quence (1; Bajwa et al.. submitted for publication). The AK 





FIG 4 In vivo and in vitro processing of PHOS, AK. and ABS 
gen products. Total RNA of transformed yeas, cells grow and 
^repressed as described in the text was translated in a nuclease 
reated reticulocyte lysate in the absence (-) or f^<££» 
ug of purified E. coli leader peptidase per ml. In ™£«™ s »™ 
proteins were submitted to immunoprec.p.tat.on followed by sodi 
ESSecyl sulfate-po.yacry.am.de gel ejecU^hofe^™" flm 
rQnhu vpist cells grown and dercpressed in low-P t , low-a, meaium 
^ y trS£' tu^amvcin and .abeled in vjvo for 30 - ,n the 
oresence of 500 aCi of [ 33 Slmethionine per ml. Labeled cells were 

aSeS^d ^^ffl Specie. y . The mobU.ues of 
Secular w'eigh, standards are indicated by arrows on the left side 
of the figure. 



10 11 12 



FIG. 5. Immunoprecipitation of acid P^P^jJ^fs 
chase labeling of intact yeast cells transformed ^?HJ i an I ABS 
nlasmids Yeast cells grown and derepressed in low-r„ low a 
Ser U m were submitted to a 5-min pulse labeling in the presence of 
w tc\ of ^'methionine per ml, followed by a chase ,r . the 
nresence of 20 mM unlabeled methionine for the tunes indicated 
attach lane Samples (200 al) of total cells plus labeling medium 
Se submiited to trichloracetic acid ^^"J™^ 
cipitation. Lanes 1 to 6, ^05-transformed cells lanes 7 to i2, 
ABS-transformed cells. Arrows are as defined in the legend to Hg. 



and the ABS in vitro products (Fig. 4, lanes 4 and 7) are bo h 
» kDa i e.. ca. 2 kDa smaller than the wild-type in vitro 
product; this corresponds with the reduction PJ^g 
(he DNA sequence. The intensity of the signals obtained by 
^munoprecipitation reveals that the amount of transla^ab 
RNA soecific for acid phosphatase is similar in all twee 
^fre^strains. In U^^^^ 

intense (data not 

showS and was not detectable under the experimental 
conditions described in the legend to Fig. 4. 

?n vivo proteolytic processing in all three transformed 
stiins was'studied 1 in yeast strains labeied in the pres^nc f 

tunicamycin, a compound which ,f , nroSvtL 
linked glycosylation of prote.ns 45 but not pro eolyt.c 
processing of secretory proteins (13). PHOS n * 
product was ca. 2 kDa smaller than the PHOS in vitro- 
translated product (Fig. 4, lane 3) Only ^ce amounts of 
58-kDa protein were detectable. Cells transformed with the 
PHOSlIvi gene synthesized two polypeptides (Fig. 4 lane 
9) One of these showed the same mobility as the corre 
Ending L vitro product (56 kDa) and another was c , 
kDa smaller (54 kDa). In v,vo and ,n vitro ABS , produc 
(Fig. 4, lanes 6 and 4) exhibited identical parties. The* 
results may reflect complete partial^ % M^jfi*. 
lytic processing, for the wild-type PHOS and I A X .a n d * 
Polypeptides, respectively , which were formed „ vivo n > 
presence of tunicamycin. A confirmation of these resu 
was obtained by in vitro processing with P u f ^ fc . 
leader peptidase (49). This enzyme remove ; the sign 
peptides from a wide variety of preproteins , . bacter a an 
some preproteins in eucaryotes. The presence of eao 
pSidaVdunng in vitro translation led to total partial 
no proteolytic processing, for wild-type PHOS ^ 
ABS in vitro products, respectively (Fig. 4; lanes 2, 8, ana 
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*Mf.U% . .. "... ' ■ 




«J^iX?3i£^lS3' phosphatase in thc 

transformed with PH0 5 o ARS I « p ?, nment of yeast cells 
min and then chLed Sh unih,!^ Ce " S Were labeled for * 
legend to Fk 3 i a t Z l Unlabe,ed , ™thion.ne as described in the 

2*1,1 safes' ^cJSg? ?rij, nd i Cated / b0Ve , < he lan « 
resulting supernatant* wen suhSiirli , . • m *" m,n,! 40(1 the 
itation and Zmu^ JcZ!^? * trichloroacetic acid precip- 
left marked PH^ffif d V Cnbed ,n the text - Lanes « 

supernatant !^^ 9 O^K?^ 00 A ,J ° f ^ Cd,S p,us 
in the legend to Fig. 4 labeling. Arrows are as defined 

/»/!^ V /Aft! ,yC0Sy,ati ? ° f ow Produced "M-type PHOS and 
™^ BS ,? e , ne P roducts - Th e effect of the ABS mutation on 
^ B K^y.ation pattern of acid phosphatase was studied 

and pVm/A^T 8 - C , dlS transformed ^ wild-type PHOS 
and PH05/ABS I plasmids were depressed for acid phos- 

f^Zv SU ^ it ,! ed 10 3 5 ' min Pulse in the Presence of 
I ^methionine, followed by a long chase with unlabeled 
rnethtontne (up to 90 min). Immunoprecipitation was per 

uS a tin,?F rail ?, 0n ^ h °' e Cdls (Fig ' 5) and °n the 
S™ tlnt (F 'S-. 6 ; lan « 3 to 10). The same culture was also 
W>eled for a period of 90 min (Fig. 6, lanes 1 and 2). The 5 
mm labeling of ^-transformed cells led to an accumula- 
te °f unprocessed and unglycosylated acid phosphatase (58 
ttfi tn ; u 6 1; processed and ""glycosylated enzyme 

hase l Wa i, rd ' y detectable - At the beginning of the 
ru n £ an ^ dlscrete bands °f 'greasing molecular weight 
up to 80 kDa) were clearly observed, this suggests various 

quant flTrff ,? yC0SyIati0n - AS the Chase P ro « r «sed, the 
ZZrll ? u "P roc « sed a "d core-glycosylated immu- 
12 pol yP e P« des ^creased, whereas high-molecular- 

l£j Th" K 10 , 14 ° kDa) showed a concomittant 
increase. These high-molecular-weight species most proba- 
nd Aut SP ° n , 10 ° UtCr Chain g'ycosylated polypeptides 
of i Ald ? 0 " gh ver y !ow am °"n«s of the 56-kDa protein and 
ot degraded proteins were detected by immunoprecipitation 

h«',u " e , the kinetics of the overa11 P r oc«s suggest 
precu^Lr nf ?h Ved ""S 1 ^ 0 ^' 31 ^ Polypeptide might be the 
glycosylated polypeptides. Only the 100- to 
Sev i? Spec , ,es f were "creted into the medium in which 
they appeared after 23 mm of chase (Fig. 6, lanes 3 to 7» 
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events with the wild-type ro S, IT the , corr cspo n din e 

- y led to the formattoTofTnp ocet d^ 131 "?" 8 ° f 
Polypept.de (Fig. 5 lane 7 ? npr0ce K SSed and ""glycosylated 
Progressive decrea,; in in (ensi fv Int^™, Chase led to a 
Pept.de band, with an incre", * " ""S^co^lated poly- 
t'des of mainly 80 kDaTS 5 ■» ^ glycos y 1 ^ Polypep 
Proteolytically demded It ' 8 ,0 121 The amount of 
f«OS case. FoZT^^ less than ,„ the 
fore, the 56-kDa polypepSte ant ™ formed there- 
the 80-kDa specie^ Sfej 35 ^ precurs or of 
barely detectable in the puke A ' P ° i> : peptide s were 
lanes 7 to 12) but wer^L , se : c .^ as e experiment (Fig 5 

range of molecular ^SSSfS 12 '? by 3 narr0W " 
wtld-type glycoproteins t mkEPbi 5"" ^Pon^ng 
molecular-weight glycosy ated binS! g " ed that the 
acid phosphatase coded for bvtt i rCP ™ Cttt a wild -type 

gene. However tSs L.hh h 0m ° SOmal ^ of 
relative abundance of these h i H V nCOnS,Stent with ^e 
Period, the apparenSv „^ after a lon 8 labe «n8 

weights, the absent y of n e™ pt range f °[ their molecula r 

S=f» 

f- *NA 
DISCUSSION 

wiSahtJc^sssr ye , ast or8anism s - Ce " v ™' 

Phosphatase geL7^m? ^ ld Carrying 3 re P r essible acid 

we have shown that the wild-fvn/. pu/k . . . 
Produced in vitro as a prec'r^wlS, ™°! 0 >^ 

UngmSe^^^^ 
the transient formation of a « unL i 

iSaara at 

MMm£r/ H ! }5<0 ? ei ^ .neffeCve L r 
SJ! cSh P ? lypept ! de ' and P^ially effective for 
J~t* I f d Polypeptide. This bacterial enzyme has 
already been shown to be capable of cleaving some ™ 
ouc preprotems (49). Recently, it has also beeHoSt 
an an .body specific against bacterial leader pep Ee S pe 
dfically recognizes a yeast microsomal prote.n (39) The 

sequenc e e qU o e f n the° f ^ gCne an5 the ^ ac 

dwl £ tT nre Pr ° te,n (1 ' 46) SU 8* est that the 
cieavage site lies between amino acids 17 and 18 Thk ;« 

first ff of ?Ue n P ° lypeptlde : which «i« Possesses the 
nrst 14 of the 17 signal pepttde amino acids, and is also 
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consistent with its ability to cleave the P H 051 A K-coded 
protein whose deletion begins at two amino acids after the 
putative cleavage site. Although these results do not specify 
exactly the features which characterize a signal peptidase 
cleavage site, they do suggest that one essential feature for 
specific cleavage resides in the five amino acids which 
separate the beginning of the two deletions. Of these, the 
alanine at the carboxy terminus of the signal peptide may 
piay a critical role: it is in this position in numerous other 
signal peptides (30), The reduced efficiency of cleavage of 
the signal peptide displayed by the AK deleted protein 
suggests that the beginning of the mature protein sequence 
participates in the interaction between nascent acid phos- 
phatase and signal peptidase as has been shown for an M13 
coat protein mutant (30). 

Within the first 5 min of in vivo synthesis, ABS deleted 
protein exhibits an increase of molecular weight from 56 kDa 
up to 80 kDa. As in the case of wild-type protein, this 
increase is completely prevented by tunicamycin, an antibi- 
otic that blocks W-asparagine-linked glycosylation by inhib- 
iting the formation of dolichyl-N-acetyl-glucosaminylpyro- 
phosphate. Therefore, ABS deleted protein, which still 
contains two-thirds of the hydrophobic portion of the signal 
peptide, undergoes core glycosylation. This probably re- 
flects the ability of the mutated protein to cross the ER 
membrane, since N- as paragine- linked core glycosylation is 
thought to occur on the cisternal surface of the ER (20, 44). 
This situation is very different from that observed with an 
influenza virus hemaglutinin lacking either 11 amino acids 
from the 16 amino acids of its signal peptide (42) or the whole 
signal peptide (16). In these cases, an intracellular accumula- 
tion of unglycosylated forms of these deleted proteins has 
been demonstrated. 

In the ABS deletion, the absence of cleavage of the signal 
peptide severely impairs outer chain glycosylation and leads 
to an incomplete secretion of the protein: 50% of the mutated 
protein is found as an active enzyme inside the cell, even 
after 24 h of derepression; the other 50%, however, is 
secreted to the cell surface, although in a form which cannot 
cross the cell wall. This result is compatible with the 
observation that, in E. coli, half of a mutated prolipoprotein 
in which the signal peptide is not cleaved still reaches its 
destination in the bacterial outer membrane (23, 24). In this 
case, the absence of removal of the signal peptide leads to a 
decrease in the rate of secretion. Establishing whether this is 
also the case for the ABS deleted acid phosphatase should 
further our understanding of glycoprotein export as should 
the precise localization and characterization of the extracel- 
lular and intracellular forms of the ABS deleted proteins. 
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The neutral metalloprotease (Npr) of Streptomyces cacaoi is 
synthesized as a prepro-Npr precursor form consisting of a 
secretory signal peptide, a propeptide and the mature metallo- 
protease. The maturation of Npr occurs extracellularly via an 
autoproteolytic processing of the secreted pro-Npr. The integrity 
of the propeptide is essential for the formation of mature active 
Npr but not for its secretion [Chang, Chang and Lee (1994) 
J. Biol. Chem. 269, 3548-3554]. In this study we investigated 
whether the secretion and maturation of Npr require the integrity 
of its signal peptide region and mature protease domain. Five 
signal peptide mutants were generated, including the substitution 
mutations at the positively charged region (mutant IR6LE), the 
central hydrophobic region (mutants GI19EL and G19N), the 
boundary of the hydrophobic core-cleavage region (mutant 
P30L) and at the residues adjacent to the signal peptidase cleavage 
site (mutant YA33SM). All these lesions delayed the export 
of Npr to the growth medium and also resulted in a 2-10-fold 
decrease in Npr export. The most severe effect was noted in 
mutants GI 19EL and P30L. When these signal peptide mutations 



were fused separately with the propeptide lacking the Npr mature 
domain, the secretory defect on the propeptide was also observed, 
and this impairment was again more severely expressed in 
mutants GI19EL and P30L. Thus the Npr signal peptide seems 
to have more constraints on the hydrophobic core region and at 
the proline residue within the boundary of the hydrophobic core- 
cleavage site. Deletion mutations within the C-terminal mature 
protease domain that left its active site intact still blocked the 
proteolytic processing of mutant precursor forms of pro-Npr, 
although their secretions were unaffected. These results, together 
with our previous findings, strongly suggest that the signal 
peptide of Npr plays a pivotal role in the secretion of both Npr 
and the propeptide, but not in the maturation of Npr. On the 
contrary, the integrity of mature domain and propeptide is not 
critical for secretion of the Npr derivative but is essential for the 
formation of a functional Npr. Therefore the secretion and 
maturation of Npr are dependent on the integrity of the signal 
peptide, propeptide and mature protease domains, and the roles 
of these domains in this regard are functionally distinct. 



INTRODUCTION 

Virtually all prokaryotic secretory proteins destined for extra- 
cellular or membrane compartments are characterized by the 
presence of a signal peptide or leader sequence located at the N- 
terminus, although some internal signal peptides exist [1,2]. 
Analyses of a large number of the signal peptides reveal certain 
common structural features [2] : (I) all possess from one to three 
basic residues at the N-tenninus followed by a hydrophobic 
segment of 10-18 residues; (2) residues capable of forming /?- 
turns (e.g. proline and glycine) are often near the C-terminal end 
of this hydrophobic sequence; (3) specific residues with small 
side-chains (e.g. serine, alanine and glycine) immediately pre- 
ceding the cleavage site constitute a recognition site for the signal 
peptidase. The relative importance of these structural features in 
secretion and their interactions with the components of the 
secretory apparatus of the cell have been the subject of extensive 
studies, largely in Escherichia coli (reviewed in [1-4]). In com- 
parison, however, the secretory mechanisms of Gram-positive 
bacteria such as Bacillus or Streptomyces have received insuf- 
ficient characterization. Few signal peptide sequence mutants in 
these two genera have been reported [5-8]. 

Our laboratory has been interested in the secretory system of 
Streptomyces. We have chosen MelCl in the melanin gene 
(melC) operon and neutral metalloprotease (Npr) as model 



systems for the study of Streptomyces secretory proteins. MelC I 
has an N- terminal signal peptide sequence and acts as the 
molecular chaperone for apotyrosinase (MelC2) ; it has a dual 
role in secretion and trans- activation of apo-tyrosinase [8-11]. 
Npr is a neutral metalloprotease of Streptomyces cacaoi [12] and 
is synthesized as a precursor protein (prepro-Npr) consisting of 
an N-terminal signal peptide (34 residues) followed by a pro- 
peptide (171 residues) and a mature protease domain (345 
residues) [12,13]. This protease has zinc-binding ligands located 
at His-202, His-206 and Glu-240 residues of the mature protease 
domain that are indispensable to the protease activity and 
proteolytic processing of the pro-Npr derivative [13], On the 
basis of our previous studies [13,14] we propose a model (Figure 
1) for the extracellular secretion and maturation of Npr. Our 
assumption is that the signal peptide guides the prepro-Npr 
precursor to pass through the membrane via the regular co- or 
post-translational transport route (step 1). During translocation 
the signal peptide of the prepro-Npr is removed by signal 
peptidase, resulting in the release of pro-Npr into the medium 
(step 2). Soon after arrival in the medium the propeptide 
promotes the correct folding of the Npr mature domain to 
acquire the active conformation, which then subsequently cata- 
lyses the autoproteolytic cleavage of pro-Npr propeptide (step 
3). The released propeptide is further degraded, to form the 
mature protease (step 4). This maturation mechanism is sup- 



Abbreviations used: me/C, meianin gene locus, Npr, neutral metalloprotease; npr, gene encoding Npr; prepro-Npr (p60), precoenzyme of Npr; pro- 
Npr (p57), proenzyme of Npr; Pro, propeptide of Npr; TSB, tryptic soy broth. 
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EXPERIMENTAL 

Bacterial strains, plasmids, culturing conditions and recombinant 
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Charged region Hydrophobic region Cleavage site 
IMPMFRI KLF KB AAL I AAGG I G AC IATVAVP SAYAAAP 



IR6LE MPMFBXJSLPKPAALIAAGGIGAC IATVAVP SAYAAAP 

GI19EL KPMFRIRLPKPAALIAAGfiliGACIATVAVP SAYAAAP 

G19N MPKF RI RLP KPAALIAAJiG IGAC IATVAVP S AYAAAP 

P30L MPMFR I RLP KP AALI AAGG I GAC I ATVAVLS AYAAAP 

YA3 3SM MFMKRIRLPRPAALIAAGGIGACIATVAVPSASMAAP 

Figure 2 Sequence of the wild-type and mutant signal peptides of Npr 

The amino acid sequence of the wild-type Npr signal peptide is shown as standard single-letter 
abbreviations. The N-terminal positively charged region is boxed. The asterisks indicate the 
hydrophobic core region. The arrow marks the cleavage site by signal peptidase [13]. The 
residues substituted in each mutant are underlined. 



respectively [13]. Culturing and gene manipulations of E. coli and 
Streptomyces were by the methods of Sambrook et al. [21] and 
Hopwood et al. [22]. 

Site-specific mutagenesis of the signal peptide region of npr 

The oligonucleotide-directed site-specific mutagenesis of the npr 
signal peptide sequence was performed on plasmid pSelect-BS, 
using the Altered Site In Vitro Mutagenesis System (Promega 
Co.) in accordance with the specifications of the manufacturer. 
Oligonucleotides (designated by the position of the mutated 
amino acid and the amino acid before and after the mutation) are 
listed below. Mutated bases are shown in bold, and new 
restriction sites created after mutation are also indicated. 

IR6LE 5'-TTTCGGCAA CTCGAG TCGGAACAT-3' 

Xhol 

GI19EL 5'-ATGCAGGCGCCGAGCTCGCCCGCCGC-3' 
G19N 5'-AGGCGCCTATGTTGCCCGCCGC-3' 
P30L 5'-AGGCGGACAGTACGGCG-3' 
YA33SM 5-CGGGGGCGGCCATCGATGCGGACGGTAC-3' 

Gal 

The BamHl-Sacl fragment (0.38 kb) encoding the mutated 
residues in pSelect-BS plasmid derivatives was excised and used 
to replace the corresponding segment on pMUSl to generate a 
series of mutant derivatives of pMUSl (pMUS-IR6LE, pMUS- 
GI19EL, pMUS-G!9N, pMUS-P30L and pMUS-YA33SM). 
Each 0.93 kb Pstl-Sacl fragment on these pMUS derivatives 
was isolated and li gated with the 5.4 kb Pstl-Sacl fragment of 
pMULl to generate the mutant derivatives of pSP105 (pSP105- 
IR6LE, pSP105-GI19EL, pSPl05-G!9N, pSP105-P30L and 
pSP105-YA33SM) carrying the designed mutations in the signal 
peptide of Npr (Figure 2). 

Deletion mutagenesis of the mature region of npr 

To construct pSPlOSAC, the 81 bp Seal fragment at the 3' end 
of the npr gene was deleted, resulting in an excision of the 27 
residues at the C-terminus of the Npr mature domain (Figure 3). 
To construct pSP105AM, an Xbal amber linker (BioLab) was 
introduced into the unique Sma\ restriction site of plasmid 
pVUl200 [13], and the 1.2 kb Pvull fragment of the resulting 
plasmid pVUl20OAM was recovered and ligated with the 5.1 kb 
Pvull DNA fragment of P VU5100 [13]. In pSP105AM the 
expected Npr derivative contained 284 residues of mature domain 
in addition to the signal sequence and propeptide region, followed 



by an additional four residues (Pro-Ser-Leu-Asp) from the linker 
region at the C-terminus of the protein (Figure 3). To construct 
pSP105AD, plasmid pVU1200 was treated with restriction en- 
zyme Traill and repaired by T4 DNA polymerase. The 1.02 kb 
Pvull fragment of the resulting plasmid pVU1200AD was excised 
and re-ligated with the 5.1 kb Pvull fragment of plasmid 
pVU5100 to produce plasmid pSP105AD. This construct was 
expected to produce the fusion protein containing the Npr 
mature domain's N-terminal 42 residues, followed by an out-of- 
frame polypeptide sequence of 162 residues (Figure 3). 

Construction of mutated secretory expression plasmids for 
propeptide 

To construct the plasmids for directing the propeptide secretion 
by the mutated signal peptides, a similar strategy as described 
previously for the construction of secretory plasmid for the 
propeptide region was used [14]. Briefly, the 0.93 kb Sacl-Pstl 
fragment of each corresponding signal peptide mutant derivative 
of pMUS (pMUS-IR6LE, pMUS-GI19EL, pMUS-G19N 
and pMUS-P30) was ligated to the 5.4 kb Sad-Pstl fragment 
of pSP105-Pro [14], resulting in pSP6LE-Pro, pSP19EL-Pro, 
pSP19N-Pro and pSP30L-Pro. 

Preparation of the antiserum against pro-Npr 

To overexpress the propeptide in E. coli for use in the antigenic 
generation of antiserum, the expression plasmid pET25b-Pro 
was constructed. The DNA segment that encodes for the pro- 
Npr region was amplified by PCR with the primers PS (5'- 
CGTACCGTCCGCCTCCATGGCCGCCCCCGCCCCG-3') 
and END (5'-CTCGGTACCCGGGCTAGCGTACTGGATG- 
GTGTGG-3'). The amplified fragment encompassed the 
complete region of pro-Npr and also contained Ncol and Nkel 
sites at the 5' and 3' ends of the fragment respectively. This 1.5 kb 
PCR fragment was cloned into the Smal site of pUC19 and re- 
excised as an Ncol-Nhel fragment and inserted into the cor- 
responding sites of 5.5 kb E. coli expression vector pET25b(-h) 
(Novagen Co.) to generate the plasmid pET25b( + )-proNpr 
(His). Then the Sacl-Kpnl (0.74 kb) fragment of pMUL-Pro [14] 
was used to replace the corresponding fragment in pET25b( + )- 
proNpr (His) to produce plasmid pET25b-Pro. In this construct 
the translation stop codon was introduced into the last codon of 
the propeptide; therefore an E. coli strain harbouring this 
expression construct produces the propeptide directed by the 
pelB leader sequence after induction with isopropyl /?-D-thio- 
galactoside [23]. E. coli strain BL21 harbouring this expression 
construct was cultured overnight in Luria-Bertani medium and 
induced for 3 hat 37 °Cwith 1 mM isopropyl /?-D-thiogalactoside 
before harvest. The expected pelB-propeptide fusion protein 
(molecular mass 24 kDa) was separated on SDS/PAGE, and the 
protein band was sliced, eluted and used as antigen for the 
immunization of rabbits. 

Purification of Npr from signal peptide mutants, and assay of Npr 
activity 

The mature Npr was purified from the culture medium of S. 
lividans TK64 harbouring various pSP105 derivatives essentially 
as previously described [12]. Briefly, S. lividans were cultured in 
R2YE/starch liquid medium for 24-36 h [13]. The acetone- 
concentrated pellets of crude supernatants of media were dis- 
solved in 50 mM sodium citrate buffer, pH 5.2 (buffer A), and 
then applied to a Fractogel CM TSK650(s) ion-exchange column. 
After washing with 130 mM NaCl in buffer A, the bound Npr 
was eluted by 0.15 M NaCi in buffer A. 
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Figure 3 Schematic representation of deletions in the mature domain of Npr 

Th„ «niirt tinp at th P *nn ^resents the codino seouence of the wild-type mature Npr. The asterisks indicate the regions coding for the active sites of Npr [131. In the three deletion mutants shown, 
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II" numS the N-terrninus < + 1) of mature Npr. The sizes of the truncated Npr forms are Seated at the right (aa, an.no aads). The nature and posflon 

of the residues at the junction of deletion or trameshift in each mutant are also indicated. 



The phenotype of Npr was examined by the clear zones on 
R2YE agar [24] containing 2% (w/v) casein [13]. The protease 
level in liquid tryptic soy broth (TSB, Difco) culture supernatant 
was measured by using Azocoll (Sigma) as substrate [12,25]. One 
unit of protease activity was defined as previously reported [25], 

Western blotting 

Rabbit antibodies against Npr (35 kDa) and pro-Npr (57 kDa) 
were prepared as described elsewhere [13]. Antiserum against the 
propeptide of Npr (Pro) was prepared as described above. 
Proteins separated by SDS/PAGE were electroblotted on a 
nitrocellulose filter (Schleicher and Schuell) with a Bio-Rad mini 
trans-blot apparatus. Antigens were detected by anti-Npr, anti- 
pro-Npr [13] or anti-Pro antibodies. Goat anti-rabbit IgG 

a «ntH hnrcPTaH«h neroxidase (Bio-Rad) was used as 

the secondary antibody, and chromagenic development was 
performed as previously described [14]. 

RESULTS 

Altered signal peptide sequence affects the secretion of Npr 

The N-terminal 34 residues of prepro-Npr exhibited a typical 
prokaryotic signal peptide: three positive charged residues (Arg- 
5 Arg-7 and Lys-10) followed by an 11-residue hydrophobic 
stretch (Ala- 12 to Ala-22) and a small side-chain amino acid at 
the putative signal peptidase cleavage site (Ala-34 and Ala-35) 
[12 26] (see also Figure 2). To elucidate whether mutations in the 
signal sequence would affect the secretion and maturation of 
Npr five individual mutations were generated in the signal 
peptide (Figure 2; see the Experimental section for construction 
of mutants). In IR6LE the net charge on the N-terminal basic 
region was decreased from +3 to + 1. In GI19EL and G19N a 
negatively charged (Glu) or a neutral polar (Asn) residue was 
incorporated into the central portion of the hydrophobic region 
to shorten the hydrophobic length. In P30L the proline residue 
that supposedly breaks the hydrophobic core a-helix structure 
[26] was replaced by leucine. In YA33SM the Tyr-Ala dipeptide 
upstream from the processing site was altered to Ser-Met. 

When examined for the Npr activity on casein plates, all 
mutants displayed positive results (results not shown). However, 
the use of Azocoll as the assay substrate for secreted Npr in 
liquid broth revealed different profiles of protease activity among 
these mutants and the wild-type (Figure 4). Although the onset 
of extracellular protease production in all strains examined 



exhibited a strong correlation with cell growth, the wild-type 
strain secreted Npr much earlier (12-18 h culture). The 
wild-type strain reached the peak of extracellular Npr activity at 
24 h of 

culturing time and declined thereafter. All mutants except 
GI19EL reached their peaks of Npr activity after 36-48 h of 
culturing and the duration of the expression was sustained from 
18 to 24 h, which was similar to the wild-type strain. All mutants 
exhibited a decrease in secretory Npr activity. In mutants IR6LE 
and YA33SM the secreted Npr activity was 54-55 % of the 
wild-type; in mutants G19N and P30L the secreted Npr 
activity was 33% and 18% of the wild-type respectively. In 
mutant GI19EL the Npr activity was less than 10 % of the wild- 

When analysed by immunoblot with anti-pro-Npr antiserum, 
the amounts of secreted Npr protein (P35) from the mutants 
correlated well with their activities (see Figures 4 and 5;. A 
decrease in the secreted Npr to between one-third and one-half 
was found in IR6LE, YA33SM and G19N, and a decrease in 
P30L and GI 19EL to between one-fifth and one-tenth, compared 
with the wild-type strain. Interestingly, a distinct band estimated 
at about 57 kDa, which accounted for 30-50% of the Npr 
species, was detected in mutants GI19EL and P30L at 12-54 h 
(mutant GI19EL) or 36-54 h (mutant P30L) of culturing (Figure 
4) A similar protein species with weaker intensity was also found 
in 12-24 h cultures of the wild-type strain and much latei m 
mutants IR6LE (36-48 h), G19N (24-30 h) and YA33SM 
(30-54 h) This protein species presumably represented the un- 
processed pro-Npr species (p57) [13]. Several smaller protein 
species of 13-21 kDa, which probably represented the degrad- 
ative forms of the Npr, were also detected in the immunoblots 
of the wild-type and mutant strains. . 

Taking these results together, we concluded that the integrity 
of the signal peptide is important for the export of Npr and its 
derivatives. Alterations within the four major regions of the 
signal peptide attenuated the export of Npr protein. In some 
mutants (GI19EL and P30L) the lesions seemed to de ay the 
proteolytic processing of the secreted Npr precursor, resulting m 
the accumulation of unprocessed intermediate species. 

A certain degree of variability in cell growth pattern (as 
reflected by the measurement of the total cellular proteins) was 
present in these signal peptide mutants compared with the wild- 
type strain (Figure 4). This suggests that the export defect in Npr 
might cause perturbations in cellular physiology. A similar 
observation was found in a signal peptide mutant of the major 
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Figure 4 Analysis of protease activity In the strains harbouring the signal peptide mutations 

TK64 harbouring wild-type or trie npr signal peptide mutants were cultured in TS8 medium for 8-60 h. The secreted Npr activity was determined from the culture supernatant as described in 
the Experimental section. The total protein in 50 ml of culture was also determined [67]. The results shown in the Figure are means ±S.E.M. for three independent experiments performed in duplicate. 
Abbreviations: Host, rK64; WT. 7K54[pSPl 05J ; IHbLh, IKWtpbKlua-iMbLtj. biiatu iM^iparluD-uiytLj; biyiN, mo4[poriu5-tnyNj. rjuu iKoiuwr -u^tjulj, nwi^ ■ 

YA33SM]. 



outer membrane lipoprotein of E. coli [27], where a deletion 
mutation in the lipoprotein signal peptide can cause severe effects 
on the viability of the host cell, resulting in cessation of growth 
and rapid cell death. Interestingly, in Npr this degree of in- 
terference with cell growth was not correlated with the severity of 
the export defect exerted by the respective signal peptide mutation 
introduced. The exact reason for this phenomenon is not clear, 
especially when one considers that mutant IR6LE showed a 
significantly decreased cell growth in spite of its exhibiting only 
a moderate inhibition of Npr production, whereas mutants 
GI19EL and P30L displayed a strong inhibition of Npr pro- 
duction but their cell growth showed a slight enhancement 
(Figure 4). Presumably this indicates that, in addition to the 
differences noted in the secretion of Npr, the pleiotropic effect of 
the Npr signal peptide mutation on the host cell might differ 
between mutants. 

Npr derived from the signal peptide mutants has the same 
specific activity as that from the wild-type 

To investigate whether mutations introduced into the signal 
peptide sequence might affect the folding of prepro-Npr and thus 
decrease the protease activities, the specific activities of Npr from 
the mutants were determined (Table 1). The results indicated that 
with the possible exception of GI9N the specific activities of the 



Npr from the other mutants (IR6LE and YA33SM) were 
essentially the same as that of the wild- type (Table 1). Results 
were not available for GI19EL and P30L, owing to the difficulty 
encountered in purifying the low quantities of Npr produced by 
these two mutants. Nevertheless the fact that similar levels of 
decrease in Npr export were found by Western blot and by 
enzymic assay strongly suggests that the same conclusion might 
be applicable to these two mutants. 

Defects In the signal peptide sequence affect the secretion of 
propeptide 

The propeptide of Npr can be secreted when fused directly to the 
signal peptide in the absence of the Npr mature domain [14]. To 
establish whether the mutations in signal sequence affect the 
secretion of propeptide as it did the secretion of Npr, the 
propeptide sequence was fused to the four mutant signal peptide 
sequences (IR6LE, GI19EL, G19N and P30L). Western blot 
analysis with anti-Pro antiserum demonstrated that all except 
P30L directed the secretion of the full-length (p22) propeptide 
into the medium at 16-20 h of culturing (Figure 6). However, the 
amounts of propeptide secreted by these mutants were much 
smaller than that secreted by the wild-type. The amounts of 
secreted propeptide directed by IR6LE, G19N, GI19EL and 
P30L at 16 or 20 h of culturing were approx. 88 %, 68 %, 23 % 
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Figure 6 Western blot analysis of the propeptide of Npr directed by mutant 
signal peptides 

Culture supernatants (600 /J; 16 or 20 h) from host or different propeptide expression variants 
was precipitated with 10% (w/v) trichloroacetic acid at 4 X. The recovered peilet was dissolved 
in sample butter and analysed by SDS/PAGE [68], followed by Western blot analysis with anti- 
Pro antiserum. The arrow indicates the pfopeptide-specific bands. The band intensity was 
quantified by a densitometer and expressed as the relative amount to that o! wild-type. 
Abbreviations: Host, TK64; WT-Pro, TK64(pSP105-Pro]; 6LE-Pro, TK64[pSP6LE-Pro]; 19N- 
Pro, TK64[pSP19N-Pro]; 19El-Prc, TK64[pSP19EL-Pro]; 30L-Pro, TK64[pSP30L-Pro]. 



Figure 5 Western blot analysis of Npr production in Npr signal peptide 
mutant strains 

The strains were cultjred in TSB medium for the indicated times (&-$0 h). and the culture 
supernatant (300 ftl) was precipitated with 10% (w/v) trichloroacetic acid at 4 °C. The 
recovered pellets were dissolved in sample buffer and analysed by SOS/PAGE [12.5% (w/v) 
gel] [68], followed by Western biot analysis using anti-pro-Npr (P57) antiserum as described 
in the Experimental section. Arrows indicate the positions of pro-Npr (P57) or mature Npr (P35). 
The designations of the host or npr strains are the same as those in Figure 4. 



Table 1 Specific activity of purified Npr proteases from wild-type and 
various signal peptide mutants 

The Npr proteases from wild-type and mutant strains were purified by column chromatography 

as QeMjrtueu in we cXyeriiueiiidr acuiuii, tuc fjiuioaao <h,u»hj Has aoouycv, 

Chavtra et ai. [25]. The results are means ±S.E.M. for three independent experiments. 



Enzyme 



Specific activity (units/mg of protein) 



Wild-type 
IR6LE 
G119N 
YA33SM 



623 + 121 
573 ±21 
470±18 
583 ±77 



and 0 % of that of the wild-type. Smaller protein species, which 
presumably represented the degraded propeptide, were also 
found. Thus it seems that those mutants with strong defects in 
the secretion of Npr (e.g. mutants GI19EL and P30L) were also 
defective in propeptide secretion (compare Figures 5 and 6). 

Deletions of the mature domain abolish the maturation but not 
the secretion of Npr derivatives 

To investigate whether the integrity of the mature region is 
essential for the maturation and secretion of Npr, three deletion 
mutations (AC, AM and AD) were created in the Npr mature 
region (see Figure 3). In AC the deletions spanned the C-terminal 
26 residues (320-345). In AM the C-terminal 62 residues 
(284-345) were deleted and the C-terminus of the resulting 
mutant protein was replaced by four residues (Pro-Ser-Leu-Asp) 
encoded by the Xbal amber linker. In AD the N-terminal 42- 
residue fragment of the mature domain was fused with a different 
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Figure 7 Analysis of Npr activity in Npr mature-region deletion mutants 

Npr activity in the signal peptide mutants was revealed on the casein plate as described in the 
Experimental section. Abbreviations: TK64, host; WT, TK64[pSP105]; AO, TK64[pSP1 Q5AD] ; 
AC, TK64[pSP105AC]; AM. TK64[pSP105AM]. 

Table 2 Analysis of Npr activity in Npr mature-region mutants 

The Npr proteases from wild-type and Npr mature-region mutant strains were assayed as 
described in the Experimental section. Protease activity is expressed as units/ml of culture 
supernatant. The designations for the host or strains are the same as in Figure 7. The data 
are means ±S.E.M. tor three independent experiments. 



Protease activity (units/ml of culture supernatant) 



Culturing time (h) TK64 



WT 



AC 



AD 



AM 



16 
21 
26 
31 



0.6 ±0.0 
0.7 + 0.0 
0.6 ±0.0 
0.2+0.0 



8.0 ±0.1 0.2 ±0.0 

13.0 + 2.0 0.4 ±0.0 

13.4±1.0 0.4 + 0.0 

4.9 ±1.1 0.4 ±0.0 



0.4 ±0.0 0.3 ±0.0 

0.4 ±0.1 0.5 ±0.1 

0.4 ±0.1 0.4 ±0.1 

0.4 ±0.1 0.2 ±0.0 



reading frame polypeptide sequence with 162 residues resulting 
from a frame shift beyond Val-42 of the mature region. The 
expected molecular masses of the truncated Npr protein secreted 
from AC, AM and AD were 34, 32 and 22 kDa respectively, if the 
mutant propeptides were processed as in the wild-type. 

As shown in Figure 7, all three mutants displayed an Npr 
phenotype on casein plates, although the deletions in mutants 
AC and AM did not encompass the residues essential for the Npr 
activity (i.e. His-202, Glu-203, His-206 and Glu-240) [13]. No 
detectable protease activities were found in the liquid broth of 
these mutant strains either (Table 2). These results suggest that 
deletions in the mature domain of Npr might affect the matur- 
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Figure 8 Western blot analysis of the production of Npr derivatives from 
the culture supernatant* of npr mature-region mutants 

The host and npr mature-region deletion mutants were cultured in TSB medium for 16-31 h, 
and the cuiture supernatant (600 for host strain and 100 /tl for the wild-type or mutant 
strains) was precipitated with 10% trichloroacetic acid and the recovered pellets were dissolved 
in sample buffer and analysed by SDS/PAGE [68], followed by Western blot analysis with ariti- 
pro-Npr antiserum. The immunoreactive bands specific to anti-pro-Npr antisera are indicated 
with arrows. The abbreviations for the wild-type or mutant strains are as in Figure 7 



ation and/or processing of Npr. Immunoblot analysis with the 
anti-pro-Npr antibody detected 56 and 54 kDa proteins secreted 
by AC and AM (Figure 8). The size range of these protein species 
corresponded to the expected truncated pro-Npr derivatives if 
the pro-Npr derivatives were not processed. In the frame-shift 
mutant, AD, several protein species (55, 34 and 24 kDa) exceeding 
the expected size (22 kDa) for the processed Npr fusion protein 
were detected by anti-pro-Npr antiserum but not by anti-Npr 
antiserum (Figure 8). These protein species were presumably the 
unprocessed Npr fusion protein derivatives. All these results 
indicate that a truncation as small as 26 residues of the C- 
terminus of the mature domain completely abolishes the auto- 
processing activity of Npr. Interestingly, these truncations did 
not block the secretion of these Npr derivatives. 

DISCUSSION 

In this report we have shown that the secretion of active Npr in 
Sireptomyces is dependent on the presence of the intact N- 
terminal signal peptide. Substitution mutations in four major 
regions (basic region, hydrophobic core, /?-turn region and signal- 
peptidase cleavage site) of the signal peptide sequence led to an 
attenuation of Npr export, both kinetically and quantitatively, 
although the degree of impairment varied (Figures 4 and 5). 
Similar results were obtained when these mutant signal peptides 
were used to direct the secretion of Npr propeptide in the absence 



of the mature domain (Figure 6). Thus the integrity of the Npr 
signal peptide is important in the secretion of the Npr and 
propeptide. Compared with the signal peptides of other bacterial 
secretory proteins, several features of the Npr signal sequence are 
noted. For instance, although the translocation of a number of 
E. coli secretory proteins (e.g. lipoprotein, staphylokinase and 
maltose-binding protein) across the cytoplasmic membrane does 
not absolutely require a net positive charge at their N-terminus 
[28-30], we found that in mutant IR6LE even the retention of a 
net charge of -f 1 at the N-terminus still caused a negative effect 
on Npr export (see IR6LE in Figures 4 and 5). The requirement 
for charged residues for the secretion of Npr in Streptomyces 
may be due to the nature of the host membrane, or it could be 
unique to Npr. 

The introduction of charged or polar residues to the hydro- 
phobic core of the Npr signal peptide impaired the secretion of 
Npr and pro-Npr (see GI19EL and G19N in Figures 4-6). 
Similar results were obtained with E. coli secretory proteins, 
although the severity of impairment varied considerably in 
different systems [2]. For instance, Goldstein et al. [31] introduced 
an asparagine residue (mutants I8N and VI ON) into the hydro- 
phobic core region of OmpA protein, which resulted in the 
complete blocking of secretion. In the Gly- 14 to Asp- 14 mutation 
(mutant 14D) in the lipoprotein signal sequence, translocation of 
precursor protein across the cytoplasmic membrane was not 
affected [32]. In contrast, the introduction of an aspartate or 
glutamate residue at positions 14 and 15 respectively of the 
LamB signal sequence markedly decreased secretion [33]. In our 
study, replacement of central-core Gly-Ile residues at positions 
19 and 20 by Glu-Leu residues in mutant GI19EL resulted in a 
severe impairment of Npr export and proteolytic processing 
(Figures 4 and 5). Less severe defects were conferred by the 
G19N mutation, in which the polar residue Asn was introduced 
(Figures 4 and 5). All these findings indicate that the N-terminus 
and hydrophobic region in the Npr signal peptide are sensitive to 
the lesions introduced. 

It was also surprising to find that the alteration introduced in 
the residues preceding the signal peptidase cleavage site in the 
YA33SM mutant caused a moderate export defect in Npr 
(Figures 4 and 5), whereas a similar substitution at the cor- 
responding region in MelCl signal peptide yielded no detectable 
effects on export [8]. This contrast might reflect their respective 
secondary structures at the processing site. In addition we 
observed an almost completely defective signal peptide in mutant 
P30L, in which a mutation at the hydrophobic core-cleavage site 
junction supposedly disrupted the predicted /?-turn (Figures 4 
and 5). This finding agrees with the hypothesis that a /?-turn 
structure four to six residues upstream of the cleavage site is 
required for precursor protein processing [26,34,35]. However, 
this result stands in contrast with the observation of Borchert 
and Nagarajan [7] that the export of Bacillus amyloliquefaciens 
levansucrase remained unaffected when its /Mum structure at the 
end of the hydrophobic core of the signal peptide was disrupted. 
It is likely that the sequence requirement in the Npr signal peptide 
is more constrained than other secretory proteins discussed here. 

Several roles of the signal peptide in facilitating protein export 
have been proposed [1,36-38]. In the present study we cannot 
extrapolate the exact mechanisms by which these signal peptide 
mutants hinder or delay Npr export across the membrane. The 
mutations introduced into the signal peptide that deteriorate 
protein secretion might result from the alteration of the con- 
formation or hydro phobicity of the signal peptide, which might 
affect its insertion into the membrane or its interactions with 
secretory components and/or alter the export competence of the 
secretory proteins attached to it [1,36-38]. Notably, when we 
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Table 3 The fi-Uirn structure features of bacterial signal peptide sequences in secretory proteins predicted by the method of Chou and Fasman [39] 

ie window width for the analysis was four amino acid residues. The program used in this analysis was PC/GENE of intelligences. 



/?-turn potential 



Strain 


Prntpin 


Signal peptide sequence 


(residue ntimDer} 


Reference 


S. ceo/icolof A3(2) 


Agarase 


MVNRRDUKWSAVALGAGAGLAGPAPAAAHA 


3 (31) 


[50] 


S. griseus 


Amylase 


MARRLATASLAVLMAATALTAPTPAAA 


1 (28) 


[51] 


S. Irygroscoptcus 


Amylase 


MQQRSRVLGGTLAGTVAAAAATVAPWPSQA 


4 (30) 


[52] 


S. venezulae 


Amylase 


MARKTVAAALALVAGAAVAVTGNAPAQA 


1 (28) 


[53] 


S. limosus 


Amylase 


MARRLATASLAVLMAATALTAPTPAAA 


1 (28) 


[54] 


S. cacaot 


Npr 


MPMFRIRLPKPAALIAAGGIGACIAFVAVPSAYA 


3(34) 


[13] 


S. 3ibus 


^-Lactamase 


VHPSTSRPSRRTLLTATAGAALAAATLVPGTAHASSGGR 


6 (39) 


[55] 


S. sp36 


Xyianase 


MNQOGKRYESEQNPPPFSGLSRRGFLVGAGAGAAAAVAGSGLLLPGTAHA 


11 (50) 


[56] 


S. antitioticus 


MeiCl 


MPELTRRRALGAAAWAAGVPLVALPAARA 


0 (30) 


[57] 


8. amyioliquefaciens 


Barnase 


MKKRLSWISVCLLVLVSAAGMLFSTA 


0(25) 


[47] 


Bacillus 


Alkaline protease 


MRGKKVWISLLFALAUFTMAFGSTSSAQA 


1 (30) 


[47] 


Bacillus 


Neutral protease 


MGLGKKLSVAVAASFMSLTISLPGVGA 


1 (27) 


[47] 


B. amyioliquefaciens 


Amylase 


l JlfWDVOTWCCDI \l\ UPT1 1 CVCt PlTl^TCA 


n (Tn 




B. subtilis 


Amylase 


MFAKRFKTSLLPLFAGFLLLFHLVLAGPAAA 


0(31) 


[59] 


B. amyioliquefaciens 


Levansucrase 


MNIKKIVKQATVLFTTALLAGGATQAFA 


1 (28) 


[7] 


£ coli 


LamB 


MMITLRKLPLAVAVAAGVMSAQAMA 


0(25) 


[60] 


E coli 


Alkaline phosphatase 


MKQSTiALALLPLLFTPVTKA 


0(21) 


[61] 


£ coli 


OmpA 


MKKTAIAIAVALAGFATVAQA 


0(25) 


[62] 


£ coli 


Lipoprotein 


MKATKLVLGAVILGSTLLAG 


0 (20) 


[63] 


£ coli 


Maltose-binding protein 


MKIKTGARILALSALTTMMSASALA 


0(25) 


[641 


£ coli 


Stapnylokinase 


MLKRSLLFLTVLLLLFSFSSITNQVSA 


0(27) 


[65] 


£ coli 


^-Lactamase 


MSIQHFRVAUPFFAAFCLPVFA 


1 (23) 


[66] 



used the Chou-Fasman [39] rule to predict the propensity of Npr 
signal peptide for £-turns, there are potentials for /?-turns located 
at residues Leu-8, Ala- 16 and Val-29, Moreover, for those 
mutants (GI19EL and P30L) yielding severely decreased Npr 
secretion, their predicted ^-turn structures within the Npr signal 
peptide had altered. Interestingly, a similar observation can be 
made on the mutations of neutral protease signal peptide from B. 
amyioliquefaciens when fused with human parathyroid hormone, 
where changes in the predicted ^-turn structure near the signal 
peptidase cleavage site substantially affect the secretory efficiency 
of the signal peptide [40]. Unexpectedly, an analysis of several 
secretory proteins from Streptomycetes also showed a higher 
propensity for £-turn structure in their signal peptide regions 
than those from Bacillus or E. coli (Table 3). However, no such 
feature was observed in the signal peptide of MelCl protein. This 
may account for the differential sensitivity to the similar mutation 
introduced into the cleavage site of the MelCl or Npr signal 
peptide, as described earlier. The ^-turn structure might be one of 
the requirements for proper function of the Npr signal peptide. 
However, the generalization of the £-turn requirement for 
secretion of other Streptomyces secretory proteins must await 
additional information obtained from other Streptomyces signal 
peptide mutants. 

The mature region has been shown to have a profound impact 
on the export function of several secretory proteins [41-47]. 
Altman et al. [44], for example, have demonstrated that both the 
signal peptide and mature regions of LamB protein are required 
for the interaction with the export factor SecB in E. coli. In 
addition, the charge distribution as well as the secondary structure 
of the N-terminal mature region adjacent to the signal peptide 
have been recognized as important determinants for the com- 
patibility of protein secretion [35,41-43,45]. In the present study, 
neither the N-terminal frame-shift nor the C-terminal deletion of 
Npr mature domain affected the secretion of Npr derivative 
(Figure 8). It had previously been observed that, although the 
integrity of propeptide is not essential for the export of the pro- 



Npr derivatives, removal of propeptide while preserving intact 
mature region completely abolished secretion [14]. Thus, in 
contrast with the propeptide, if the mature region is directly 
fused with the signal peptide it remains incompetent for secretion. 
This dependence on the propeptide sequence for secretion might 
be due to structural incompatibility between the C-terminus of 
the signal peptide and the N-terminus of the mature domain, or 
possibly to the fact that signal peptide alone, without the help of 
the propeptide, cannot maintain the Npr mature region in an 
export-competent folded state. The presence of two positively 
charged residues at the N-terminus of the Npr mature sequence 
(positions 4 and 5), which has been suggested to be detrimental 
to protein secretion [35,42-45], is consistent with the first 
hypothesis. Nevertheless the second view is also very likely, 
because one of the major functions of the propeptide in protease 
is to act as an intramolecular chaperone for the modulation of 
protein conformation [48,49]. 

In summary, on the basis of our previous work [13,14] and 
results presented here it is clearer that in the processes of Npr 
secretion and maturation, the three distinct domains of Npr are 
essential and confer different functions. Although a functional 
signal peptide is essential for secretion, the propeptide guides the 
precursor domains to achieve a conformation that is competent 
for the export and maturation of Npr. Finally, the properly 
folded mature region yields the Npr activity and removes the 
propeptide sequence. Therefore the secretory mechanism of Npr 
precursor in Streptomyces is fundamentally analogous to the 
transport of precursor protein across the cytoplasmic membrane 
of Gram-negative bacteria in that both are signal-peptide- 
dependent and require a transport-competent conformation of 
precursor protein. 
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von Willebrand factor —propeptide cleavage — regulated 
secretion— storage granules 

Large multimers of the adhesive glycoprotein von Willebrand fac- 
tor (vWf) are stored in endothelial cells in rod-shaped granules 
called Weibel-Palade bodies, while small multimers are secreted 
constitutively. Expression of pro-vWf in other cells with a regu- 
lated pathway of secretion, results in formation of vWf-containing 
storage granules that have a morphology similar to Weibel-Palade 
bodies. vWf expressed without its prosequence is not stored. To 
evaluate the importance of prosequence cleavage in vWf storage, 
the Arg at position -1, known to be necessary for cleavage, was 
mutated to Gly. Transfection of this cleavage mutant into two cell 
lines with a regulated pathway of secretion (RIN 5F and AtT-20 
cells) led to the formation of large multimers. However, treatment 
of the cell iysatcs by the enzyme endoglycosidase H (Endo-H) did 
not reveal significant amounts of intracellular Endo-H -resistant 
vWf, which indicates the absence of a pool of stored processed 
vWf. In addition, no Weibel-Palade body-like structure was de- 
tected in these cells by immunofluorescence labeling with anti-vWf 
antiserum. Electron microscopy and immunocytochemistry of RIN 
5F cells expressing the pro-vWf mutant confirmed the absence of 
Weibel-Palade body-like structures. In addition, anti-vWMinked 
gold particles were found in the ER, occasionally in rounded gran- 
ules and particularly in lysosomal structures which were abundant. 
Wc conclude that the formation of large aggregates is not suffi- 
cient to induce efficient vWf storage, and that the lack of cleavage 



Abbreviations. CMV Cytomegalovirus. — Endo-H Endoglycosi- 
dase H. — ER Endoplasmic reticulum. — HMW High molecular 
weight. — kb Kilobases. — SDS Sodium dodecyl sulfate. — vWf 
von Willebrand factor. 
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of the prosequence may direct the mutant pro-vWf molecule to a 
degradative pathway. Therefore, the prosequence cleavage is a re- 
quirement for vWf storage. 



Introduction 

Endothelial cells lining the vessel wall possess elongated 
storage granules called Weibel-Palade bodies [42] whose 
function is important in injury repair. These organelles are 
found only in endothelium and contain the soluble adhe- 
sive protein von Willebrand factor (vWf) and the trans- 
membrane receptor for monocytes and neutrophils, named 
F-seiectin (CD62) [i, 20, 37]. Stimulation of the endothe- 
lial cells leads to the secretion of large vWf multimers that 
are most potent in platelet plug formation (for review, see 
[34]). In vitro, small vWf multimers are also secreted 
through a constitutive pathway [28]. 

Both vWf [41] and P-selectin [6, 12] contain a generally 
recognized targeting signal that allows their storage in het- 
erologous cells with a regulated pathway of secretion. In 
the case of vWf it was shown that the presence of a large 
prosequence with which the molecule is first synthesized 
[15, 35] is required for formation of vWf storage granules 
[41]. When the wild type pro-vWf is expressed in AtT-20 
cells (mouse pituitary cell line) or in RIN 5F cells (rat in- 
sulin-secreting B cell line), vWf storage granules are 
formed that are, morphologically very similar to Weibel- 
Palade bodies and distinct from the endogenous hormone 
granules. The Weibel-Palade body-like organelles do not 
form in cells transfected with vWf cDNA from which the 
prosequence was deleted [41]. 

Another important intracellular function of the prose- 
quence is in the formation of vWf multimers from building 
blocks of dimeric molecules. Deletion of the prosequence 
results in the formation of only dimeric molecules in the 
transfected cells [32, 44]. The multimerization of pro-vWf 
dimers by disulfide bonds located in the N-terminal portion 
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of the mature subunit takes place in the acidic environment 
of the trans Golgi apparatus and/or in the secretory gran- 
ules. This process is likely followed by the cleavage of the 
prosequence at a dibasic amino acid cleavage site (for re- 
view, see [19]). Inhibition of this cleavage by site-specific 
mutagenesis of the cleavage site, does not impair the vWf 
rnultimerization process in transfected cells [33, 44]. In the 
endothelial Weibel-Palade bodies, the free propolypeptide 
and the mature vWf subunits are stored in stoichiometric 
amounts but their relative location within the granule is un- 
known [7, 39]. 

In the present study, we are interested in determining if 
successful multimer formation is linked to vWf storage and 
if inhibition of the prosequence cleavage effects the forma- 
tion of vWf storage granules. Therefore, we generated an 
uncleavable pro-vWf encoding cDNA and transfected it in 
cell lines with a regulated pathway of secretion. 



Materials and methods 

Reagents 

All the restriction and modification enzymes were purchased from 
Bethesda Research Laboratories (Gaithersburg, MD/USA), or 
New England Biolabs (Boston, MA/USA). The BamHI-EcoRI 
adaptors were from New England Biolabs. The oligonucleotide-di- 
rected in vitro mutagenesis system was from Amersham Interna- 
tional (Amersham, Bucks. /UK). Protein A-Sepharose CL-4B was 
purchased from Sigma (St. Louis, MO/USA). 

Antibodies 

Rabbit polyclonal antiserum against vWf was purchased from 
American Bioproducts (Parsippany, NJ/USA) or Dakopatts (Car- 
pinteria, CA/USA). The preparation of monoclonal antibodies 
against the propolypeptide was described [40]. Goat anti-rabbit 
immunoglobulin fraction coupled to !0 nm colloidal gold was 
from Amersham (Les Ulis/France). 

Oligonucleotide synthesis 

Synthetic oligonucleotides were prepared with an automated DNA 
synthesizer type 381 A (Applied Biosystems, Foster City, CA/USA) 
by M. Jacobs (New England Medical Center, Boston, MA) and 
purified on an OPC column (Applied Biosystems), according to 
the manufacturer protocol, and dissolved in 1 mM EDTA in 10 
mM Tris (pH 7.4) for further use. 

Vectors and recombinant DNA construction 

pCMV2. This vector, kindly provided by Dr. Richard Goodman 
(Portland, OR/USA), contains the cytomegalovirus (CMV) pro- 
motor and the SV40 small t antigen polyadenylation signal, on 
both sides of the Bglll insertion site. This eukaryotic sequence is 
inserted into the Clal site of the bacterial Blucscript vector (Strata- 
gene, La Jolla, CA/USA). 

Construction ofpCMV4. P CMV2 was digested with EcoRI and the 
two resulting fragments, Bluescript and the eukaryotic sequence, 
were blunt-ended with the Klenow DNA polymerase and religated. 
Therefore, the resulting molecule had endogenous EcoRI sites re- 
moved so that they would not interfere with subsequent construc- 
tion steps. BamHI-EcoRI adaptors were inserted in the Bglll site 
to produce pCMV4. The newly created EcoRI site was used for 
insertion of cDNA in pCMV4. 



Construction of pCMV4-pro-vWf Gly763. The pro-vWf 482 bp 
Hindlll-BamHI fragment was subjected to oligonuc!eotide-di- 
rected mutagenesis, using the Amersham system. The chosen oli- 
gonucleotide (5' GCA GCA AAG* GGA GCC TAT 3', positions 
2279 to 2296, with a substitution from A to G at position 2287, 
marked with an asterisk; position 1 is the first base of the initiator 
methionine [3]) gives the same mutation as the one used by Verwejj 
et al. [33]: it transforms the Arg, at the -1 position with regard to 
the propolypeptide cleavage site, into a Gly. The vWf 2.5 kb Eco- 
RI-HindlH fragment, the mutated 482 bp Hindlll-BamHI frag- 
ment and the vWf 6 kb BamHI-EcoRI fragment were purified. In 
a single reaction, these three fragments were inserted in pCMV4 
linearized by EcoRI to produce pCMV4-pro-vWf Gly763. The 
newly made plasmid was analyzed by restriction analysis, and the 
A to G substitution was checked by sequencing the complete insert 
in the M13 derivative that resulted from the mutagenesis reac- 
tion. 

Cell culture and transfection 

AtT-20 cells and COS-I cells were grown in Dulbecco's modified 
Eagle medium (DMEM) supplemented with lCWo fetal bovine se- 
rum, and penicillin/streptomycin (100 U/ml) (Gibco Laboratories, 
Grand Island, NY/USA). RIN 5F was maintained in DMEM sup- 
plemented with 10% heat-inactivated horse serum, 0.2% glucose 
and penicillin/streptomycin (100 U/ml). COS-1 cells and AtT-20 
cells were transfected by the calcium phosphate procedure [8, 43], 
using 40 ug of plasmid per 10 cm dish as described [41]. RIN 5F 
were transfected by the same procedure except that the cells were 
in suspension. After 15 min incubation with the calcium phos- 
phate-DNA precipitate, complete medium was added and the en- 
tire suspension plated. Human umbilical vein endothelial cells, 
first passage, were isolated and grown as described [18]. 

Metabolic labeling and v Wf purification 

Cells were labeled for 2 to 3 days with 30 uCi/ml ["S]cysteine 
(1300 Ci/ml, Amersham, Arlington Heights, IL/USA) and lysed 
as previously described [35]. vWf derivatives were immunopurified 

frnm thf» r^] I 1vC3t*»C Snrt i~*Jl ni)hir» m~A\r> n r Am.e^riU-A I A 1 1 « 

" • ij^aivJ ujiu wwi4 vuiLiii v Aiivvtiu no uw.>vlil/VU |Tl j (-ACt- pi 

that incubation with g elatin -Sep h arose was omitted. Endoglycosi- 
dase H digestion of purified samples was as described [38]. 

Gel electrophoresis 

SDS-polyacrylamide gels and SDS-agarose gels were prepared as 
described by Laemmii [13] and Mayadas and Wagner [18], respec- 
tively. Densitometric scanning of autoradiography was performed, 
and the amount of vWf in the samples was quantitated by deter- 
mining the area under the peaks. 

Electron microscopy and immunocytochemistry 

Cells were fixed in culture flasks with 1% glutaraldchyde in 0.1 M 
phosphate buffer (pH 7.4) for 1 h at 22°C t washed three times in 
the buffer and sent from Boston to Paris by express mail in the 
third wash buffer. For standard electron microscopy, the cells were 
post- fixed in 1% osmium tetroxide, stained en bloc with uranyl 
acetate, flushed off the culture flasks with propylene oxide and 
embedded in Epon. For immunocytochemistry, cells were embed- 
ded in glycol methacrylate after giutaraidehyde fixation [14]. The 
immunogold staining was performed as described [5]. Sections 
were incubated for 2 h in rabbit polyclonal anti-vWf at a 1 :50 di- 
lution, followed by goat anti-rabbit immunoglobulin fraction cou- 
pled to 10-nm colloidal gold, for 1 h at a 1 : 10 dilution. In both 
cases, sections were stained in uranyi acetate followed by lead ni- 
trate and examined on a CM10 Philips electron microscope. 
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Results 

Previous studies have shown that deletion of the vWf pro- 
polypeptide prevented vWf multimerization [32, 44] and 
storage [41] in transfected cells. It has also been reported 
that inhibition of the cleavage of the prosequence by site- 
specific mutagenesis of the cleavage site does not prevent 
vWf multimerization [33, 44], Therefore, we were inter- 
ested in finding out if blockage of cleavage effects vWf 
storage. For this purpose we have changed Arg 763 (the last 
amino acid of the prosequence) to Gly, in a variant desig- 
nated pro-vWf Gly763. This mutation was shown by Ver- 
weij and colleagues [33] to completely inhibit prosequence 
cleavage. 

The mutated cDNA was inserted into the pCMV4 expres- 
sion vector, under the control of the cytomegalovirus pro- 
motor and linked at its 3* end to SV40 splice and polyade- 
nylation signals. Multimerization and storage of the un- 
cleavable variant were studied by expression of the 
pCMV4-pro-vWf Gly763 construct in heterologous cells 
(COS-I, AtT-20, and RIN 5F) previously shown to be suit- 
able models for such studies [2, 41]. 
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Inhibition of prosequence cleavage and vWf 
multimerization 

The vWf-containing expression vectors, pCMV RIvWf 
(wild type; [41]) and pCMV4-pro-vWf Gly763, were tran- 
siently expressed in COS-1 cells. The cells were metaboli- 
cally labeled with [ 35 S]cysteine for 2 days and the vWf- 
related proteins isolated from the cell lysates and culture 
media. Wild type pro-vWf and pro-vWf Gly763 were im- 
munopurified using polyclonal antibodies to vWf together 
with a monoclonal antibody to the propolypeptide. 5°7o 
SDS-polyacrylamide gel electrophoresis analysis of the re- 
duced samples showed that indeed the cleavage mutant 
molecules were not proteolytically processed (Fig. la; [33]). 
When analyzed nonreduced on 2% agarose gels (Fig. lb), 
pro-vWf Gly763 multimers produced sharper bands be- 
cause these were composed of precursor subunits only, 
while wild type multimers contained a mixture of precursor 
and mature subunits [16, 36], We observed an increased ef- 
ficiency of multimerization for the uncleaved mutant in 
that it was relatively richer in the largest multimeric species 
than wild type vWf. To determine this quantitatively, mul- 
timers secreted by cells from five independent transfection 
experiments were analyzed by scanning the autoradio- 
graphs of the agarose gels. The percent of total radioactivi- 
ty in the upper fifth of the gel, where the largest multimers 
migrate, was determined. The mean content of these largest 
multimers in the five experiments was \4A°/o (SEM = 1.7) 
for the wild type, and 25.2<7o (SEM = 1.3) for pro-vWf 
Gly763. 

Inhibition of prosequence cleavage and vWf storage 

In cells capable of protein storage (such as RIN 5F and 
AtT-20 cells), pro-vWf is diverted into the regulated path- 
way of secretion. We have established criteria for vWf stor- 
age in these cells [41]: the first one consists in the presence 
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Fig. 1. Subunit and multimeric composition of pro-vWf Gly763 
expressed by transfected COS-1 cells. COS-1 cells transiently ex- 
pressing the wild type and pro-vWf Gly763 cDNAs were metaboli- 
caiiy labeled with [ 35 S]cysteine for 2 days. vWf-related products 
were immunopurificd from lysed cells (C) and culture media (M) 
with a polyclonal antibody to vWf, mixed (a) or not (b) with a 
monoclonal antibody directed against the propolypeptide. —a. 
Autoradiograph of a 5<7o polyacrylamide gel in which all the sam- 
ples were simultaneously analyzed. Numbers on the right indicate 
the position of molecular weight standards ( x 1000). — b. Samples 
were analyzed non-reduced on a single 2% agarose gel, autoradio- 
graph of which is shown. In (a) and (b), the lanes are as indicated 
on top of the gels. 



of a significant intracellular pool of Endo-H-resistant vWf . 
This pool represents about half of total intracellular vWf in 
endothelial cells and in cells transfected with wild type pro- 
vWf [36, 41]. For its most part, the Endo-H-sensitive other 
half is in the endoplasmic reticulum. Only trace amounts of 
Endo-H-resistant material are found in cells that do not 
have a regulated pathway of secretion [41]. A second crite- 
rium is the presence of numerous vWf-containing granules 
in the transfected cells, as determined by fluorescence or 
electron microscopy. 

Weibel-Palade bodies contain stoichiometric amounts of 
the mature vWf subunit and of the free propolypeptide [7], 
which indicates that vWf is sorted to the storage granules in 
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its pro-vWf form. To examine whether the prosequence 
cleavage may be linked to vWf storage in the Weibel-Pa- 
lade bodies, we stably transfected the RIN 5F and the AtT- 
20 cells with the pCMV4-pro-vWf GIy763 plasmid. Several 
positive clones (3 for AtT-20 cells, and 6 for RIN 5F cells) 
were identified by immunofluorescence staining with an 
anti-vWf antiserum and expanded. 

Biochemistry. The cells were metabolically labeled with 
[ SJcysteinc for 2 to 3 days, and immunopurified pro-vWf 
Gly763 was analyzed by gel electrophoresis. As expected, 
the secreted protein was multimeric (Fig. 2a) and similar to 
the COS-1 cells the mutation completely inhibited the 
cleavage of prosequence within the RIN 5F and the AtT-20 
cells (Fig. 2b). The unexpected finding was the absence of a 
significant pool of Endo-H-resistant vWf in these cells 



AtT-20 RIN 5F EC 




CM CM CM 




Fig. 2. Multimeric and subunit composition of pro-vWf Gly763 
expressed in AtT-20 and RIN 5F cells. Cells were metabolically la- 
beled for 2 to 3 days, and vWf-related products were immunopu- 
rifled from the cell lysates (C) and the culture media (M) with an 
anti-vWf antiserum. — a. The samples were analyzed non-reduced 
on 2<7o agarose gels, autoradiography of which are presented. — b. 
The same samples were treated with ( + ) or without (-) Endo-H 
and then analyzed reduced on 4.5V» polyacrylamide gels, autora- 
diographs of which are shown. In both transfected cell types, less 
than \0% of cellular vWf was Endo-H resistant. In (a) and (b), the 
left and center panels show the products expressed by AtT-20 and 
RIN 5F cells, respectively. The right panel shows wild type vWf 
from endothelial cells (EC) for comparison. 
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(Fig. 2b). Furthermore, high molecular weight multirnen 
were absent from the lysed cells (Fig. 2a) while they wer c 
efficiently secreted through the constitutive pathway The* 
results indicated that, despite their extensive multimeric 
structure, the pro-vWf Cly763 molecules were not stored 
Immunofluorescence analysis. In accordance with this find 
mg and as opposed to the wild type, Weibel-Palade bodv. 
like granules were not found in any of the isolated clones 
by immunofluorescence staining. We have also not ob- 
served round granules distributed throughout the cyto- 
plasm of the transfected cells, such as were present in RIN 
5F cells expressing truncated pro-vWf lacking the C-ternu 
nal 80 kDa of the mature subunit [41 J. However, in some 
cells, speckled pattern among the strong perinuclear stain- 
ing was visible which we have not observed in cells trans- 
fected with wild type pro-vWf (Fig. 3). 
Electron microscopy. To obtain more detailed information 
on the intracellular distribution of pro-vWf GIy763 and an 
explanation for the perinuclear "speckled pattern" ob- 
served by immunofluorescence, we analyzed one of the 
transfected RIN 5F clones by ultrastructural and immu- 
noelectron microscopy. For comparison, we chose cells ex- 
pressing a truncated form of the protein lacking the 20 kDa 
C-terminal portion [41]. These cells were chosen because 
they synthesize as much vWf as the pro-vWf Gly763 clones 
do, whereas the amount produced by the intact wild type 
expressing clones is much lower (not shown). Therefore, 
the latter clones are not adequate for comparison. The 
truncated pro-vWf expressing cells display the classical 
morphology of the RIN 5F cell line. Their striking peculiar- 
ity is the presence of Weibel-Palade body-like structures 
similar to the ones of endothelial cells, showing the classi- 
cal internal tubular structure ([41]; Fig. 4a). These Weibel- 
Palade body-like structures were found in the Golgi region 
and scattered in the cytoplasm. 

As opposed to the pro-vWf -20 kDa expressing control 
cells, the pro-vWf Gly763 expressing cells did not display 
any Weibel-Palade body-like structures. Secretion granules 
were observed, as well as frequent lysosomal figures, either 
lamellar bodies (Figs. 5, 6b) or large membrane-bounded 
vacuoles containing a little electron-dense material (Fig. 6). 
A mean of Five lamellar lysosomes per cell section was ob- 
served, whereas they were only occasionally found in con- 
trol cells (approximately one per cell section). 
Immunoelectron microscopy. Immunogold labeling of the 
control cells showed the presence of vWf in the endoplas- 
mic reticulum, in the Golgi saccules and associated vesicles, 
as well as in round granules and numerous Weibel-Palade 
bodies (Fig. 4b). Similary, immunolabeling for vWf in the 
pro-vWf Gly763 cells was present in the endoplasmic reti- 
culum and Golgi cisternae, and in round granules (Fig. 6b). 
Strikingly, vWf was also frequently detected in the lyso- 
somal structures, either lamellar bodies or large vacuoles 
(Figs. 5c, 6b), which was not the case for the control cells. I 
These ultrastructural and immunocytochemical observa- I 
lions indicate that the pro-vWf Gly763 expressing cells dis- | 
play a strong and specific autophagic activity, which may 
be related to the heterologous mutant protein. 
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Fig. 3. Intracellular distribution of pro-vWf Giy763 in AtT-20 
and RIN 5F cells. Immunofluorescence staining with anti-vWf an- 
tiserum of permeabilized wild type pro-vWf expressing AtT-20 
cells (a) and RIN 5F cells (c); pro-vWf Gly763 expressing AtT-20 



cells (b) and RIN 5F cells (d). Arrowheads indicate Weibel-Palade 
body-like structures in the wild type transfected cells, Pro-vWf 
GIy763 did not form distinct granules in either cell type. — Bar 
10 urn. 



Discussion 

The large vWf propoiypeptide has a role in both vWf pro- 
cessing and intracellular transport. It is required for multi- 
merization of pro-vWf dimers [18, 32, 44] and for storage 
of the multimeric protein in specific storage granules [41]. 
To investigate the importance of proteolytic processing on 
vWf storage, we have completely inhibited prosequence 
cleavage by replacing Arg adjacent to the cleavage site with 
Gly, in a mutant designated pro-vWf Gly763 [33]. Similar 
studies on vWf mutants have proved the validity of expres- 
sion systems using COS-1 cells [2] AtT-20 and RIN 5F cells 
[41] as recipient cells for vWf cDNA derivatives. There- 
fore, we chose these three cell lines to analyze the pattern 
of multimerization and the extent of storage of this vWf 
variant. 

Multimerization is thought to be initiated by non-cova- 
lent interactions between propolypeptides of separate pro- 
vWf dimers or oligomers (reviewed in [19]). It is believed 
that these interactions promote the correct positioning of 
amino-terminal parts of mature vWf such that disulfide 
bonding can occur. This hypothesis is supported by the 
non-covalent dimeric nature of the free propoiypeptide in 
plasma [39]. Although multimerization of the pro-vWf 
Gly763 mutant was more efficient than wild type, it did not 
proceed to completion, i. e., the typical array of small and 
large vWf multimers was secreted by the transfected cells 
(Figs, lb, 2a). This indicates that the cleavage of the prose- 
quence is not the major reason for arrest of multimeriza- 
tion and that other cellular factors, like local pro-vWf di- 



mer concentration or time taken by the protein to reach the 
extracellular environment are regulating the extent of mul- 
timer formation. 
Despite the formation of large disulfide-bonded multi- 
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detect storage of pro-vWf Gly763 in neither AtT-20 nor 
RIN 5F cells, according to the previously established crite- 
ria [41]. There was no significant Endo-H-resistant vWf 
pool in these cells (Fig, 2b) nor did we observe storage 
granules by fluorescence microscopy (Fig. 3). In both cell 
types, wild type or truncated vWf species form their own 
storage granules (Fig. 3) that are distinct from the endoge- 
nous hormone -containing granules [41]. While the wild 
type vWf-containing granules have a rod shape similar to 
Weibel-Palade bodies, granules formed by a 80 kDa C-ter- 
minal deletion mutant are round [41]. Therefore, we feel 
we would detect vWf-containing granules even of unusual 
shape if they were present in significant numbers. In addi- 
tion, we did not observe accumulation of vWf staining at 
the tips of AtT-20 cells which would have been indicative 
of cotargeting of pro-vWf Gly763 with adrenocorticotropic 
hormone [4, 12, 26, 29]. By immunoelectron microscopy, 
we have detected pro-vWf Gly763 in a few round granules 
and in numerous lysosomal structures. These lysosomal 
structures may be the reason for the speckled pattern seen 
in the perinuclear region by fluorescence staining. The con- 
trol cell contained about 5 times fewer Iysosomes in which 
label for vWf was not detected. Weibel-Palade body-like 
structures were found only in the control cells. It appears 
therefore that although rare granules form in the pro-vWf 
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GIy763 cells, these may be short-lived and the majority of 
the vWf produced by these cells is either secreted constitu- 
tively or degraded in lysosomes. 

Another example of an uncleavable prohormone which 
was not efficiently stored was described by Orci and col- 
leagues [231 : they showed that growing pancreatic B cells in 
the presence of Arg and Lys analogs rendered the synthe- 
sized proinsulin resistant to prohormone processing. The 
uncleaved prohormone remained in immature secretory 
granules and was degraded more rapidly than the native in- 
sulin [9]. A similar phenomenon could prevent storage of 
the uncleavable pro-vWf Gly763 and direct it to lysosomal 
structures. 

The lack of efficient storage of the pro-vWf Gly763 mu- 
tant may be explained in at least two ways. First, removal 
of the propolypeptide could be necessary for storage. Pro- 
vWf [7, 39] similar to prohormones [17, 24] appears to be 
targeted to the storage granules in the precursor form since 
in the granules the mature protein and the propeptide are 



found in stoichiometric amounts. The proteolytic process- 
ing of the stored proteins is very efficient. For example, no 
pro-vWf subunits are detected in Weibel-Palade bodies re- 
leasate whereas a large portion of constitutively secreted 
protein is not cleaved [28]. Perhaps the formation of the 
tubular structures containing vWf, as found in Weibel-Pa- 
lade bodies [42], requires the prosequence cleavage, and it 
is only these structures that can be successfully stored. This 
would be analogous to collagen type I fibril assembly which 
is initiated by removal of terminal propeptides by cleavage 
of the procollagen molecules with specific proteinases [10]. 
Nevertheless, it would be surprising that the quaternary 
structure of the protein would be so important for storage. 
As we have already mentioned, deletion of the C-terminal 
80 kDa from pro-vWf did not interfere with its storage in 
granules whose morphology did not resemble that of Wei- 
bel-Palade bodies [41]. In addition, chimeric proteins com- 
posed of a usually stored and a non-stored component were 
sucessfully directed to the regulated pathway of secretion 
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Fig. 4. Electron micrographs of a RIN 5F cell expressing the 
20-kDa pro-vWf species, — a. Standard electron microscopy analy- 
sis. Typical Weibel-Palade bodies (W) with aligned tubular struc- 
tures are present in the centrioiar region (ce), together with other 
granules (g) near the Golgi cisternae (Go).— er Endoplasmic reti- 



culum.— m Mitochondrion. —N Nucleus. — b. Immunogold la- 
beling for vWf. Gold particles are present in the endoplasmic reti- 
culum (er), Golgi cisternae (Go) and associated vesicles (v). in 
some round cytoplasmic granules (g), and in typically striated Wei- 
bel-Palade bodies (W). — Bars 0.4 urn. 



[22, 27]. These proteins would be expected to exhibit anom- 
alous quaternary structure. 

A second possibility is that the cleavage site could be part 
of a targeting sequence that would not be recognized any- 
more or not recognized efficiently upon mutation. Al- 
though there are no obvious sequence homologies among 
stored proteins, they are likely recognized by a common 
mechanism that is preserved across species and tissues [11]. 
The majority of the stored proteins, including vWf, have 
two characteristics in common: they form aggregates, and 
they are proteolytically processed at the C-terminal side of 
basic residues. This processing is performed by a class of 
proteins: the prosequence cleavage enzymes. A mammalian 
member (furin/PACE) of the family of proteases homolo- 
gous to the yeast gene product of KEX2 [21] was recently 
cloned [30]. The functionality of the enzyme was tested in 
COS-i cells by cotransfection of its cDNA with the pro- 
vWf cDNA [31, 45] or the pro-vWf Gly763 cDNA [31]. 
The recombinant protease was able to correctly cleave the 



wild type pro-vWf, whereas pro-vWf Gly763 was resistant 
to this proteolytic activity. Two other enzymes belonging to 
the same family of proteases, PC2 and PC3, were unable to 
cleave pro-vWf [25]. Their known substrates do not con- 
tain an Arg at the -4 position from the cleavage site, as op- 
posed to all the potential substrates for furin/PACE, in- 
cluding vWf. This suggests that the specific processing en- 
zyme for vWf is furin/PACE. Furin/PACE has a potential 
transmembrane domain which makes it a good candidate 
for a targeting receptor. Upon cleavage of the prosequence 
which occurs in the immature secretory granules [24], such 
a processing enzyme/targeting receptor might dissociate 
from the protein products, allowing it to recycle, whereas 
the cleaved hormone would go to the storage granule. 

In conclusion, the lack of storage of pro-vWf Gly763 
demonstrates that the capacity of a protein to form large 
aggregates is not sufficient to elicit its storage in cells with a 
regulated pathway of secretion. Although aggregation of 
vWf may play an important role in the formation of Wei- 
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Fig. 5. Electron micrographs of a pro-vWf GIy763 expressing 
RIN 5F cell.— a. Global view of the cell by standard electron mi- 
croscopy. The cell displays the usual aspect of RIN 5F cells with 
prominent Golgi complexes (Go) located in the centriolar region 
(ce). Some secretion granules and, more specifically to these trans- 
fected cells, numerous lysosomes (L) are present.— m Mito- 
chondria. — N Nucleus. — b. Enlargement of a lysosomal struc- 
ture (L) with concentric layers, and secretion granules (gj. — c. Im- 
munogold staining for vWf. Gold particles are present in some 



round secretion granules (g) and lysosomes (L). — Bars 1 urn (a), 
0.4 (b), 0.2 urn (c). 



Fig. 6. High magnification electron micrographs of a pro-vWf 
Gly763 expressing RIN 5F cell,— a. Enlargement of the Golgi 
zones (Go) with some large clear vacuoles (V>. — b. Immunogold 
staining for vWf. These vacuoles (V) occasionally label for vWf, 
and the lysosomal structures (L) label as well.— Go Golgi com- 
plex. — N Nucleus. — Bars 0.4 p. 
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bel-Palade bodies, additional factors such as presence of 
the prosequence and of an intact prosequence cleavage site 
are required. In future studies, the role of the prosequence 
cleavage enzymes as putative targeting receptors should be 
evaluated. 
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stations within the propeptide, the primary cleavage site or the catalytic 
iite, or deletion of C-terminal sequences, prevents secretion of proPC2 from 
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PC2 is a neuroendocrine endoprotease involved in the processing 
of prohormones and proneuropeptides. PC2 is synthesized as a 
proenzyme which undergoes proteolytic maturation within the 
cellular secretory apparatus. Cleavage occurs at specific sites to 
remove the N-terminal propeptide. The aim of the present study 
was to investigate structural requirements for the transfer 
of proPC2 through the secretory pathway. A series of mutant 
toPC2 constructs were transfected into COS-7 cells and the fate 
■;f the expressed proteins followed by pulse-chase analysis and 
immunocytochemistry. Human PC2 was secreted relatively 
slowly, and appeared in the medium primarily as proPC2 
(75 kDa), together with much lower amounts of a processed 
intermediate (71 kDa) and mature PC2 (68 kDa). Mutations 



within the primary processing site or the catalytic triad caused 
the protein to accumulate intracellular^, whereas deletion of 
part of the propeptide, the P-domain or the C-tenninal regions 
also prevented secretion. Immunocytochemistry showed that 
wild-type hPC2 was localized mainly in the Gotgi, whereas two 
representative mutants showed a distribution typical of proteins 
resident in the endoplasmic reticulum. The results suggest that 
proenzyme processing is not essential for secretion of PC2, but 
peptides containing mutations that affect the ability of the 
propeptide (and cleavage sites) to fold within the catalytic pocket 
are not transferred beyond the early stages of the secretory 
pathway. C-terminal sequences may be involved in stabilizing 
such conformations. 



INTRODUCTION 

'C2 [1,2] is a member of the eukaryotic subtilisin-like endo- 
peptidase family. Other members of this family include the yeast 
enzymes Kex2 [3,4] and Krp [5], as well as furin [6], PACE4 [7], 
PC 3 (also known as PCI) [8,9], PC4 [10], PC5/PC6 [1 1] and PC7 
(also known as LPC or PC 8) [12-14]. These proteases are 
involved in the proteolytic cleavage of precursor proteins at 
specific sites to generate mature proteins during transfer through 
the secretory pathway. 

All members of the eukaryotic subtilisin-like endopeptidase 
family share certain structural features. They contain an N- 
tenrunal signal peptide, a propeptide, a subtilisin-like catalytic 
domain, a large conserved domain named the P-domain or 
HomoB domain [15], and a C-terminal tail which varies in length 
and may contain cysteine- or threonine-rich regions (furin, 
PACE4, PC5), an amphipathic helix (PC2, PC3) or a trans- 
membrane domain (Kex2, Krp, furin, and an alternatively spliced 
form of PC5/6 called PC6B). The role of the P-domain is 
unknown, but it has been shown to be essential for production of 
active protein, since small deletions in this region completely 
abolish Kex2 and furin enzyme activity [16,17]. 

During transit through the secretory pathway, the subtilisin- 
like endoproteases are converted into the mature active form by 
proteolytic removal of the N-terminal propeptide. In the case of 
human PC2 (hPC2), the propeptide contains two processing 
sites, cleavage at either of which can occur independently. 
Processing at the sequence Arg-Lys-Lys-Arg 84 is autocatalytic 
[18,19], with a pH optimum and calcium requirement similar to 
those for substrate processing. Processing at the sequence Lys- 
Arg-Arg-Arg 56 can be catalysed by another enzyme, possibly 
funn or PACE4. Proteolytic cleavage of the propeptide of PC2 



is a relatively slow process (half-life approx. 8 h), and the 
conditions under which maturation occurs in vitro suggest that in 
vivo the propeptide is removed in a late secretory compartment 
[19]. 

The role of the N-terminal propeptide in PC2 is unknown. 
Possible functions include: (i) acting as an intramolecular chape- 
rone in a manner similar to the propeptide of subtilisin BPN' 
[20]; (ii) acting as an inhibitor that prevents premature activation 
of the endopeptidase; and (iii) involvement in sorting to the 
regulated secretory pathway. We have previously shown that 
proPC2 undergoes calcium- and pH-dependent aggregation and 
membrane association, and that a peptide corresponding to 
amino acids 57-85 of the propeptide can compete with prtfPC2 
for membrane association [21]. The aim of the present study was 
to investigate the role of the propeptide of proPC2 in the ability 
of the latter to traverse the secretory pathway. 

MATERIALS AND METHODS 
DNA manipulations 

DNA mutagenesis was carried out on an hPC2 cDNA (kindly 
supplied by Dr. D. F. Steiner, Howard Hughes Medical 
Centre, University of Chicago, IL, U.S.A.). (A587~613)hPC2, 
V54R,L56R-hPC2, (A81-84)hPC2, D142N-hPC2 and KDEL- 
hPC2 were all generated as described previously [19]. 
(A5-49)hPC2 was generated by digesting the wild-type cDNA 
with Age\ and £a?Nl, making the DNA ends flush with T4 
DNA polymerase and re-hgating. (A54-77)hPC2 was generated 
by loopout mutagenesis using an oligonucleotide with the se- 
quence 5' GT AACCTGCCTTTTTrCGGTCAA.ATCCCTTTG- 
CAAGGCCATTGTGATAAAA 3'. 414-hPC2, 569-hPC2 and 
573-hPC2 were generated by amplifying hPC2 cDNA using a 3' 



Abbreviations used- DMEM. Dulbecco's mcaified Eagle's Tiediur 
P N.Gase F, P.N-glycanase F 
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Endo H, endoglycosidase H; ER, endoplasmic -eticulum; ^PC2, human PC2; 
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Figure 1 Structures of normal and mutant hPC2 peptides 



oligonucleotide containing a stop codon after the codon for the 
residue indicated and a 5' oligonucleotide encoding the N- 
terminus nf thp nronmn r A»fl;« *ti- - < . 

,~ ~ K^^^pruteni. luc prouucts were cloned 

and the region of interest sequenced and subcloned back into the 
wild-type cDNA. (A66-80)hPC2 and (A73-80)hPC2 were gener- 
ated using the Excite® kit (Stratagene). 

Cell culture and lipofection 

COS-7 cells were maintained in Dulbecco's modified Eagle's 
medium (DMEM) supplemented with 10% (v/v) foetal calf 
serum in an atmosphere of 5% C0 2 . Cells at about 40% 
confluence in six-well plates were transfected by mixing 2 n of 
DNA and 24 /*! of a 1 nM lipid suspension containing a 2:1 
(molar ratio) mixture of dioleoyl-L-a-phosphatidylethanolarnine 
(Sigma, Poole, Dorset, U.K.) and dimethyldioctadecylam- 
momum bromide (Fluka) in 0.5 ml of serum-free DMEM. The 
hpid-DNA complexes were allowed to form for 20 mm and then 
added to the washed cells for 4 h before serum was replaced [22]. 

Pulse-thase and immunoprecipitation 

At 48 h post-transfection the cells were incubated in methionine- 
and serum-free DMEM (Sigma) for 30 min. The medium was 
then removed and the ceils pulse-labelled in 0.5 ml of the 
same medium supplemented with 170/iCi of [ 35 S]methionine 
(> 1000 Ci/mmol; Amersham) per well. After the 30 mm pulse, 
the labelling medium was removed and replaced by 1 ml of 
complete medium containing 30 mg/I unlabelled methionine 
Medium was removed at the appropriate time and the cells 
harvested m SDET [1 % (v/v) Nonidet P40, 0.4% (w/v) 



deoxycholate, 66 mM EDTA, 10 mM Tris/HCI, pH 7 4) Cell 
extracts were incubated on ice for 5 min, and then the nnd^i w^p 
centnfuged (13000 1 mm) and the post-nuclear supernatant 
saved. hPC2 immunoreactivity was immunoprecipitated in 
NDET/0.3° /o SDS using anti-PC2 antiserum raised to amino 
acids Met 233 -Asn 813 of hPC2 expressed in Escherichia coli using 
the pEtl2 vector. 

Endoglycosidase digestion 

Immunoprecipitated material was denatured by heating to 100 °C 
in 0.5 % SDS and 1 % /?-mercaptoethanol. Half of the material 
was incubated at 37 °C for 2 h with 100 units of endoglycosidase 
H (Endo H) in 50 mM sodium citrate, pH 5.5. The other half was 
incubated at 37 °C for 2 h with 100 units of P,N-glycanase F 
(P,N,Gase F) in 50 mM sodium phosphate, pH 7.5, and 1 % 
Nonidet P40. P,N,Gase F and Endo H were supplied by New 
England Biolabs (Hitchin, Herts., U.K.). 

Immunocytochemistry 

Immunocytocbemistry was carried out as detailed in Cramer and 
Cutler [23] using the rabbit PEP4 anti-PC2 antibody (kindly 
supplied by Dr. D. F. Steiner, Howard Hughes Medical Centre, 
University of Chicago, 1L, U.S.A.). 

RESULTS 

The aim of this study was to investigate the structural require- 
ments for the transfer of proPC2 through the secretory apparatus. 
The approach adopted was to use site-directed mutagenesis to 
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Figure 2 Expression of hPC2 in COS-7 cells 

A . p u ise-crwse analysts ot hPC2 immunoreactivity !ound in cell extracts and medium from 
Jls iransfected with p£R-PC2. At 48 h after lipofection, ceils were labelled with [ 35 Sl methionine 
for 30 mm and chased in culture medium for the times indicated. Medium samples were 
removed and saved and the cells were harvested in immunoprecipitation duffer. Samples were 
immunoprecipitated with anti-PC2 antibody, analysed an an SOS/9 VPAGE gel and detected by 
fluorography. The track marked M shows molecular mass marker proteins (kOa). (B) 
Glycosidase digestion of secreted hPC2 immunoreactivity. Immunoprecipitated protein from 
medium after an 8 h chase was treated with P.N,Gase F (P), Endo H (E) or left untreated (U). 
Samples were analysed on an SDS/9%-PAGE gel and detected by fluorography. The track 
marked M shows molecular mass marker proteins (kDa). 



introduce specific point or deletion mutations within a human 
PC2 cDNA, and to transfect these constructs into the monkey 
kidney ceil line COS-7. These cells were used because of the high- 
level expression that could be attained using the pCR expression 
vector. 

The hPC2 constructs used in this study are shown in Figure 1. 
hPC2 is a 6 1 3-amino-acid protein containing : ( 1 ) a signal peptide ; 
(2) a propeptide (amino acids 1-84) which contains two cleavage 
sites at Lys-Arg-Arg-Arg Sfi and Arg-Lys-Lys-Arg 84 ; (3) a catalytic 
domain containing the Asp-His-Ser catalytic triad which is 
characteristic of serine proteases; (4) a P-domain (amino acids 
41 5-569) which is conserved among members of the family ; and 
(5) a C-terminal hydrophobic sequence (amino acids 592-613). 
Two mutants were made which from previous studies [24] were 
known to prevent proPC2 processing, i.e. ARKKR 84 -hPC2 and 
D!42N-hPC2. Further constructs were designed to investigate 
the role of the propeptide in PC2 secretion. However, pre- 
liminary experiments indicated that complete deletion of the 
propeptide affected the ability of the nascent polypeptide to fold 
correctly, with the result that the expressed protein was degraded 
within the endoplasmic reticulum (ER) (K. I. J. Shennan and 
K. Docherty, unpublished work). We therefore made a series of 
smaller deletions, one of amino acids 5-49, a second of amino 
acids 54—77, a third of amino acids 66-80 and a fourth in which 
amino acids 73-80 were deleted. Note that the primary (Arg-Lys- 
Lys-Arg 84 ) and secondary (Lys-Arg-Arg-Arg 5 *) processing sites 
are retained within all these constructs. To investigate the role of 
C-terminal sequences, we generated several C-terminally trun- 
cated forms of hPC2: 414-hPC2, which lacks the P-domain; 
569~hPC2, which terminates at the putative C-terminus of the 
?-domain; and 573-HPC2, which terminates at the end of the 
C-terminal region of identity between PC2 and PC 1/3. We also 
generated KDEL-hPC2, which has an ER retention signal added 
to its C-terminus. 

Expression of wild-type hPC2 in COS-7 cells resulted in the 
appearance of a single intracellular 75 kDa protein (Figure 2A) 
which was not present in mock-transfected cells (results not 
shown). This protein corresponds to proPC2. The amount of the 
75 kDa proPC2 protein in the ceil decreased after 2 h, coinciding 
with the appearance in the medium of three proteins of 75, 71 
and 68 kDa. Proteins of similar sizes have been observed 
following expression of hPC2 in Xenopus oocytes [24] as well as 
m isolated rat islets of Langerhans [25], and have been shown to 
correspond to proPC2 (75 kDa), an intermediate generated 
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Figure 3 Expression of (A81-64)hPC2 and D142N-hPC2 in COS-7 cells 

Pulse-chase analysis of hPC2 immunoreactivity found in cell extracts and medium from cells 
transtected with pCR-(Aai-84)hPC2 (A) and pCR-DT 42N-hPC2 {B}. At 48 h after lipofection, 
cells were labelled with [ 35 S]methionine for 30 min and chased in culture medium for the times 
indicated. Medium samples were removed and saved, and the ceils were harvested in 
immunoprecipitation buffer. Samples were immunoprecipitated with anti-PC2 antibody, analysed 
on an SDS/9%-PAGE gel and detected by fluorography. The track marked M shows molecular 
mass marker proteins (kDa). (C) Glycosidase digestion ol retained hPC2 immunoreactivity, 
Immunoprecipitated protein from extracts of cells transtected with either (A81-84)hPC2 or 
D142N-HPC2 after an 8 h chase was treated with P,N,6ase F (P) or left untreated (U). Samples 
were analysed on an SDS/9VPAGE gel and detected by fluorography. The track marked M 
shows molecular mass marker proteins. 



following cleavage at the sequence Lys-Arg-Arg-Arg 5 * (71 kDa) 
and mature PC2 generated following cleavage at the sequence 
Arg-Lys-Lys-Arg 84 (68 kDa). The 75, 71 and 68 kDa proteins 
appeared simultaneously in the medium, and there was no 
further processing in the medium during a subsequent 24 h chase 
period. Although the majority of the secreted material was 
unprocessed, these results suggest that a significant amount of 
processing was occurring within the COS-7 cells, and that the 
processed material was rapidly secreted with no detectable 
intracellular accumulation. Expression of hPC2 at lower levels 
resulted in the secretion of a higher proportion of processed 
forms, indicating that the processing activity is saturable and 
suggesting that it is due to an endogenous activity in COS-7 cells. 
It would not be expected that material should accumulate in the 
secretory pathway in this cell line, as COS-7 cells do not have a 
regulated secretory pathway. 

Treatment with Endo H resulted in a small reduction of about 
2-3 kDa in the molecular masses of all three of the secreted 
proteins (Figure 2B). Treatment with P,N,Gase F generated a 
larger decrease in molecular mass, of about 6-7 kDa. These 
results indicate that, although most of the asparaginc-Iinked 
sugar moieties have been modified to acquire Endo H resistance, 
a significant fraction have not, or have undergone further 
modifications to re-acquire sensitivity. A 46 kDa immunoreactive 
protein secreted with PC2 is visible in Figure 2(B). This protein 
remains uncharacterized but, given the similar effects of Endo H 
and P,N,Gase F on this protein, it is possible that it is a C- 
tenminal cleavage product of PC2, presumably containing the 
three potential glycosyiarion sites. 



Figure 6 Immunocytochemistry of hPC2, D142N-hPC2 and KDEL-hPC2 in COS-7 ceils 



^'V^ PCR-D142N^PC2 (C, d) or PCR-PC2-K0EL (•. !), and plated out on to glass coversfips 48 h after lipotection and stained using the PEP4 ant,-PC2 ;„„,,„„ 

and a fluor sc ntly labelled goat anNabb.t antibody. Staining for hPC2 is particularly concentrated in a perinuclear region typical of Golgi proteins, whereas staining for D142N-hPC2 and K 
hPC2 is reticular, suggesting an ER localization Ul ' 



had been deleted, and so the protein could not be glycosylated. 
However, unlike the other mutants, 414-hPC2 appeared to be 
degraded in the cell, albeit slowly. Two smaller C-terminal 
deletions, 569-hPC2 (Figure 5B) and 573-hPC2 (Figure 5C), 
both of which leave the P-domain intact, prevented secretion. In 
both of these cases the retained protein was not degraded and 
underwent slow additional glycosylation. 

With mutant KDEL-hPC2 (Figure 5D), a single protein of 
75 kDa accumulated in the cell, with no increase in the molecular 
mass of the retained material. However, KDEL-hPC2 appears to 
^e less stable in the cell, with most of the labelled protein being 
degraded after a 4 h chase and no labelled intracellular immuno- 
reactivity evident after an 8 h chase. 

The pulsenrhase experiments identified two types of mutation, 
both of which resulted in the intracellular retention of the 
expressed protein. In one type the expressed protein was not 
proteolytically cleaved and the resultant propolypeptide was 
stably retained and increased in size by about 3 kDa due to 
additional glycosylation. In the second type the expressed protein 
(i.e. 414-hPC2 and KDEL-hPC2) was also not cleaved, but did 
not increase in mass and was degraded over the chase period. To 
determine whether the two types of mutation affected the 
intracellular location of the expressed proteins, immuncyto- 
chemistry was performed on selected constructs. Cells expressing 
wild-type hPC2 exhibited the reticular pattern characteristic of 



the ER plus perinuclear concentration typical of Golgi protein*, 
(Figures 6a and 6b). Cells expressing either type of mutation, u 
Dl42N-hPC2 (Figures 6c and 6d) and KDEL-hPC2 (Figm^ 
6e and 6f) exhibited reticular staining, but with no peri nude; u 
concentration. No significant difference in localization between 
the two classes of mutation could be seen at the resolution 
afforded by light microscopy. 



DISCUSSION 

Expression of hPC2 in COS-7 cells resulted predominantly in 
secretion of 75 kDa proPC2, with lesser amounts of the 7 1 and 
68 kDa processed forms. We have previously shown that Xcnofw* 
oocytes secrete the 75 and 71 kDa molecules and that subsequent 
cleavage to the 71 and 68 kDa forms occurs within the medium 
[24]. The 75 to 71 kDa cleavage is probably mediated by > 4 
Xenopus funn-like protease(s), whereas the 75/71 to 68 ki)> 4 
cleavage occurs by way of an autocatalytic mechanism which i% 
activated in the medium as it becomes slightly acidified during 
extended culture of the oocytes [24]. In COS-7 cells the degree i/f 
processing is not proportional to the level of expression, ami 
the culture medium there is no further cleavage of the 75/71 W>* 
species to the 68 kDa mature enzyme, suggesting that cleavage *4 
the 75 kDa proPC2 molecule to the 71 kDa intermediate and i>* 
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Figure 4 Expression of (A54-77)hPC2, (A66-80)hPC2, (A73-80)hPC2 
and (A5-49)hPC2 in COS-7 cells 

Pulse-chase analysis of hPC2 immunoreactivity found in celt extracts and medium from cells 
transfected with pCR-(&54-77)hPC2 (A), pCR-(A56-60)hPC2 (B), pCR-(A73— S0)hPC2 (C) 
and pCR-(A5-49)hPC2 (D). At 48 h after tipcfection, cells we/e labelled with [ 35 S]methionine 
for 33 min and chased in culture medium for the times indicated. Medium samples were 
removed and saved, and the cells were harvested in immunoprecipitation buffer. Samples were 
immunoprecipitated with anti-PC2 antibody, and immunoprecipitates were analysed on an 
SDS/9 VPAGE gel and detected by fluorography. The track marked M shows molecular mass 
marker proteins (kDa). (E) Glycosidase digestion of retained hPC2 immunoreactivity. 
Immunoprecipitated protein from extracts of cells transfected with (A54-77)hPC2, 
(A66-^8u)hPC2, (A73-80)hPC2 or (A5-49)hPC2 after an 8 h chase was treated with P.N.Gase 
F (P) or left untreated (U). Samples were analysed on an SOS/9 VPAGE gel and detected by 
fluorography. The track marked M shows molecular mass marker proteins (kDa). 



Expression of the (A8l-84)hPC2 (Figure 3A) and D142N- 
hPC2 (Figure 3B) mutants resulted in the appearance of 75 kDa 
proteins that were retained within the cell. Both proteins appeared 
to be relatively stable; however the 75 kDa proteins increased in 
size to 78 kDa over an 8 h chase period. Treatment of the 
material immunoprecipitated from cell extracts after an 8 h chase 
with P,N,Gase F resulted in the reduction of both bands to a 
single band of approx. 67 kDa (Figure 3C), indicating that the 
increase in mass was due to additional glycosylation. This 
suggests that these mutant peptides undergo initial glycosylation, 
followed by slow subsequent processing/modification. The glyco- 
sylation can also be completely removed with Endo H (results 
not shown), in contrast to the pattern of partial Endo H sensitivity 
found with secreted wild-type hPC2, suggesting that these 
mutants do not progress beyond the cis-Golgi and accumulate 
either in the ER or in the early Goigi. 
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Figure 5 Expression of 41 4-hPC2, 569-HPC2, 573-hPC2 and KDEL-hPC2 in 
COS-7 cells 

Pulse-^hase analysis of hPC2 immunoreactivity found in cell extracts and medium from cells 
transfected with pCR-414-hPC2 (A), pCR-569*hPC2 (B). pCR-573-hPC2 (C) or pCR-KDEL-!.' C2 
(D). At 48 h after lipofection, cells were labelled with [ 35 S]methionine for 30 min and chased 
in culture medium for the times indicated. Medium samples were removed and saved, and the 
cells were harvested in immunoprecipitation buffer. Samples were immunoprecipitated with anti- 
PC2 antibody, and immunoprecipitates were analysed on an SOS/9 VPAGE gel and detected 
by fluorography. The track marked M shows molecular mass marker proteins (kDa). 



In order to investigate whether the propeptide contains a 
signal which must be removed before PC2 can pass through the 
secretory compartment, we next expressed a series of constructs 
containing deletions of regions in the propeptide. Expression of 
any of the mutants containing deletions between the primary and 
the secondary processing sites [(A54-77)hPC2 (Figure 4A). 
(A66-80)hPC2 (Figure 4B) and (A73-80)hPC2 (Figure 4Q] 
resulted in a similar pattern of intracellular retention to that 
found with DI42N-hPC2 and (A81-84)hPC2, i.e. no immuno- 
reactivity was secreted, while the retained protein was not 
degraded appreciably over the chase period and underwent a 
slow, inefficient, increase in mass that could be reversed by 
treatment with P,N,Gase F (Figure 4E). In contrast, deletion of 
the region N-terminal to the secondary processing ^ e 
[(A5-49)hPC2 (Figure 4D)] had a different effect. Within the 
labelling period (0 h chase) there were two principal products of 
66 and 70 kDa. The 66 kDa protein was unglycosylated proPC2 
(results not shown) which, during the subsequent chase period, 
was converted into the 70 kDa form. It should be noted that 
there was no detectable accumulation of unglycosylated proPC2 
protein when wild-type hPC2 was expressed in COS-7 cells. The 
(A5-49)hPC2 70 kDa proPc2 protein was not secreted ; however, 
there was no further glycosylation as seen with the other 
propeptide mutants. 

Deletion of the P-domain (414-hPC2; Figure 5A) prevented 
the secretion of PC2. In this mutant all .three glycosylation sites 
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,gure 6 Immunocytochemistry of hPC2, D142N-hPC2 and KDEL-hPC2 in COS-7 cells 
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had K'cn deleted, and so the protein could not be glycosylated. 
Howcv.t, unlike the other mutants, 414-hPC2 appeared to be 
degraded in the cell, albeit slowly. Two smaller C-terminal 
deletions, 569-hPC2 (Figure 5B) and 573-hPC2 (Figure 5C), 
both of which leave the P-domain intact, prevented secretion. In 
both of these cases the retained protein was not degraded and 
underwent slow additional glycosylation. 

With mutant KDEL-hPC2 (Figure 5D), a single protein of 
'5 kDa accumulated in the ceil, with no increase in the molecular 
mass of the retained material. However, KDEL-hPC2 appears to 
^ less stable in the cell, with most of the labelled protein being 

c gra ■.: [ after a 4 h chase and no labelled intracellular immuno- 
'caenvity evident after an 8 h chase. 
The pulse-chase experiments identified two types of mutation, 

ol h of which resulted in the intracellular retention of the 
"pressed protein. In one type the expressed protein was not 
p ^ oteol ytically cleaved and the, resultant propolypeptide was 
b'y retained and increased in size by about 3 kDa due to 
* dttional glycosylation. In the second type the expressed protein 
|| o e - 414-HPC2 and KDEL-hPC2) was also not cleaved, but did 

01 mcrease in mass and was degraded over the chase period. To 
in C . tCrmi!le wh ether the two types of mutation affected the 
r acdl u i ar location of the expressed proteins, immuncyto- 
^^nistry was performed on selected constructs. Cells expressing 
" c ype hPC2 exhibited the reticular pattern characteristic of 



the ER plus perinuclear concentration typical of Golgi proteins 
(Figures 6a and 6b). Cells expressing either type of mutation, i.e. 
D142N-hPC2 (Figures 6c and 6d) and KDEL-hPC2 (Figures 
6e and 6f) exhibited reticular staining, but with no perinuclear 
concentration. No significant difference in localization between 
the two classes of mutation could be seen at the resolution 
afforded by light microscopy. 



DISCUSSION 

Expression of hPC2 in COS-7 cells resulted predominantly in the 
secretion of 75 kDa proPC2, with lesser amounts of the 71 and 
68 kDa processed forms. We have previously shown that Xenopus 
oocytes secrete the 75 and 71 kDa molecules and that subsequent 
cleavage to the 71 and 68 kDa forms occurs within the medium 
[24]. The 75 to 71 kDa cleavage is probably mediated by a 
Xenopus funn-like protease(s), whereas the 75/71 to 68 kDa 
cleavage occurs by way of an autocatalytic mechanism which is 
activated in the medium as it becomes slightly acidified during 
extended culture of the oocytes [24]. In COS-7 ceils the degree of 
processing is not proportional to the level of expression, and in 
the culture medium there is no further cleavage of the 75/7 1 kDa 
species to the 68 kDa mature enzyme, suggesting that cleavage of 
the 75 kDa proPC2 molecule to the 71 kDa intermediate and the 
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68 kDa mature enzyme occurs within the cell and is catalysed, at 
low efficiency, by an endogenous protease. 

The study with PNGase F indicated that all three potential 
glycosylation sites are utilized. Approx. 30% of the glycosyl 
residues on the secreted proteins are sensitive to Endo H 
suggesting either that they have undergone further unusual 
modifications or that, for some reason, the high-molecular-mass 
mannose chains have not been removed. This pattern of partial 
Endo H sensitivity is similar to that found with PC2 immuno- 
precipitated from rat islets of Langerhans [25], but different from 
that found in transfected CHO cells or RIN msf cells, where none 
of the sugar residues are resistant to Endo H [26]. 

Mutagenesis was undertaken to investigate the structural 
requirements for the transfer of PC2 through the secretory 
pathway. Previous studies on furin had shown that cleavage of 
the propeptide may be a prerequisite for exit from the ER 
[27-29]. Dissociation of the propeptide and activation of the 
enzyme may occur in a later compartment. Unexpectedly in the 
present study all the mutant PC2 molecules were retained'within 
the cell as a proenzyme. Thus, whereas wild-type proPC2 
(75 kDa) was efficiently secreted from COS-7 ceils, mutations 
within the catalytic pocket or cleavage site, or deletion of 
propeptide sequences flanking the cleavage site or of sequences at 
the C-terminus of proPC2, resulted in the retention of proPC2 
within the cell. These results suggest that the efficient transfer of 
proPC2 through the secretory pathway is dependent on a 
structural conformation or post-translational modification that 
is disrupted by disparate mutations spanning the length of the 
protein. 

Homology modelling of furin suggests that residues + 1 to -6 
are important in interactions with the substrate-binding region 
[30]. As PC2 shows substantial sequence identity with furin, it 
seems likely that these interactions are also important for 
substrate recognition in PC2, and it is possible that some 
structural motif between residues 73 and 77 (i.e. -8 to -12) is 
required. Recent molecular modelling studies have suggested 
that the primary cleavage site folds into the active site of the 
prohormone, and it may be that the deletions in the propeptide 
[i.e. (A54~77)hPC2, (A66^80)hPC2 and (A73-80)hPC2], or de- 
letion of the Arg-Lys-Lys-Arg 84 cleavage site, or mutagenesis of 
the catalytic pocket (D142N), may affect this interaction, and 
that correct insertion of the propeptide into the active site is 
required before exit from the ER can occur. 

There may be a different explanation for the retention of the 
(A5-49)hPC2 mutant. This deletion causes an approx. 3-fold 
reduction in the rate of initial glycosylation, and this mutant 
does not acquire the additional glycosylation found with the 
other propeptide deletion mutants. It is likely that the decrease in 
the glycosylation rate is a result of misfolding of the molecule, 
since it is assumed that this region of the protein acts as an 
intramolecular chaperone, as is the case with the homologous 
bacterial protease subtilisin BPN' [31]. In subtilisin a portion of 
the propeptide is required for formation of the correct tertiary 
structure, and denatured protein will only refold if the propeptide 
is present, whether in cis or trans conformation. 

The C-terminally truncated mutant 414-hPC2 is turned over in 
the cell relatively rapidly. In the case of Kex2 it was found that 
mutant proteins containing deletions in the P-domain were 
catalytically inactive and were not secreted. It was suggested that 
they may be acting by disrupting recognition of the processing 
site, and that the mutants accumulate in the cell because of their 
inability to undergo processing to remove the N-terminal pro- 
peptide [17]. However, in the case of PC2 it appears that deletion 
of the P-domain causes a structural alteration that results in 
degradation of the resultant proenzyme in the ER. In contrast, 



the other two C-terrmnally truncated mutants, 569-hPC2 and 
573-hPC2, behaved in an identical manner to D142N-hPO and 
the four peptides containing deletions adjacent to and including 
the primary processing site. This is puzzling, as neither of thes! 
deletions stretch into the P-domain, as defined by identity with 
Kex2, and we have seen that a smaller deletion in the C-terrninus 
(PC2 Ml) is secreted in a similar manner to the wild type [241 
The structures of the P-domain and the C-terminus are unknown 
at present, and it may be that these regions interact with the 
propeptide in some way. 

Pulse-chase analysis of cells expressing KDEL-hPC2 showed 
that, as expected, this mutant is not secreted. The protein <>s 
not undergo the additional glycosylation found with most o; ihe 
mutants and is degraded relatively rapidly. The similarity of the 
fate of this mutant to that of 414-hPC2 suggests that both of 
these proteins are retained in the same compartment. 

The similarity in the immunocytochemistry for KDEL-hPC2 
and D142N-hPC2 suggests that all the mutants are retained in 
the ER. However, the differences in additional glycosylation 
suggest that the majority of the mutants are retained less 
efficiently (and possibly therefore by a different mechanism) than 
KDEL-hPC2. It does not appear that these mutants are sr -nly 
trapped in the ER, or are retained by the same retrieval pathway" 
as KDEL-hPC2. It is possible that these mutants are blocked in 
a very early Golgi compartment and 1 back up' into the ER. 

This work was supported by a grant from the MRC. We thank Dr. Don Sleiner for 
providing the PEP4 rabbit anti-PC2 antibody and the hPC2 cDNA. 
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Human factor Xs«u> do»j»«o is a form of coagulation 
factor X in which a mutation within the signal peptide 
region of the precursor protein has been correlated 
genetically with a severe deficiency of factor X in the 
affected individual. A point mutation results in substi- 
tution of Arg for Gly at the critical -3 position of the 
factor X signal peptide. To determine the biochemical 
effect of this mutation on the biosynthesis of factor X, 
the wild-type and mutant factor X cDNAs were sub- 
cloned into a vector for transcription and translation 
in vitro. Translation products of mRNAs encoding por- 
tions of both mutant and wild-type proteins were used 
in a systematic biochemical approach to evaluate di- 
rectly the effect of the mutation on targeting, trans- 
port, and proteolytic processing in vitro. The results 
show that targeting and transport of factor Xs«to Doming 
to the endoplasmic reticulum are functionally disso- 
ciated from the removal of the signal peptide by signal 
peptidase. Factor X s „ to do.i»«. is translocated into the 
endoplasmic reticulum but not processed by signal pep- 
tidase. Transient expression of the wild-type and mu- 
tant factor X in human embryonic kidney 293 cells 
revealed apparently normal secretion of the glycosy- 
lated two-chain form of factor X but no secretion of 
factor X s „ to Domi»*o- Thus, the inability of signal pepti- 
dase to cleave factor X 8 «to Doui»«> is directly responsible 
for the absence of circulating factor X and leads to the 
bleeding diathesis in the affected individual. 



Secreted proteins are generally synthesized as precursors 
having NH 2 -terminal signal sequences which target nascent 
secretory proteins to the endoplasmic reticulum (ER) 1 and 
are then removed by signal peptidase (1). Although signal 

* This work was supported by National Institutes of Health Grants 
GM32861 (to M. 0. L) and HL4S322 and HL06350 {to K. A. H.). 
Amino acid sequence analyses were performed in the Protein Analysis 
Core Laboratory and oligonucleotides were synthesized in the DNA 
Core Laboratory, each of the Comprehensive Cancer Center of Wake 
Forest University supported in part by National Institutes of Health 
Grants CA12197 and RR-04S69, as well as a grant from the North 
Carolina Biotechnology Center. The costs of publication of this article 
were defrayed in part by the payment of page charges. This article 
must therefore be hereby marked "advertisement" in accordance with 
18 U.S.C. Section 1734 solely to indicate this fact. 

\ To whom correspondence should be addressed: Dept. of Biochem- 
istry, Bowman Gray School of Medicine, Medical Center Boulevard, 
.Winston-Salem, NC 27157. Tel.: 919*716-4674; Fax: 919-716-7671. 

1 The abbreviations used are: ER, endoplasmic reticulum; HOSP, 
hen oviduct signal peptidase; FX, coagulation factor X; FXsd, FX 
Santo Domingo; FXwt, FX wild-type, Chaps, 3-[(3-cholamidopro- 
pyl)dimethylammonioj-l-propanesulfonate. 



peptides that target proteins to the ER have widely variable 
amino acid sequences, they do have three common structural 
features: a net positive charge at the NH 2 terminus; a central 
hydrophobic region; and a carrxixyl- terminal region with 
small, nonpolar amino acids at positions -1 and -3 (signal 
peptides are numbered negatively from the site of cleavage 
toward the NH 2 terminus of the precursor) preceding the 
cleavage site (2). A number of mutations within, or near, 
signal peptides have now been described that alter the proc- 
essing of human secretory proteins (3-6). Human interferon 
oil has a signal peptide structure that presents two alternative 
cleavage sites for signal peptidase resulting in circulation of 
two forms of the protein that differ by two amino acids (7). 
Additionally, an insertion/deletion polymorphism has been 
identified in the signal peptide of the human apolipoprotein 
B gene that predicts two apolipoprotein B signal peptides: 
one that encodes a peptide of 27 residues and one that encodes 
a peptide of only 24 residues (8). The effect of this mutation, 
if any, on secretion of apolipoprotein B has not been demon- 
strated. 

Antithrombin Dublin is an electrophoretically fast variant 
of antithrombin that has been shown to be the result of a 
mutation at the -3 position of the signal peptide in which 
Val is replaced by Glu (4). Individuals expressing the mutation 
produce a form of antithrombin in which 2 amino acids 
normally found at the NH 2 terminus have been removed 
during synthesis. It has been proposed that the Val — » Glu 
substitution redirects the site of cleavage by signal peptidase 
to a bond 2 amino acid residues toward the CO OH terminus 
of the normal protein. This mutation appears to have no 
direct correlation with any pathological condition (4). 

Similarly, albumin Redhill is an electrophoretically slow 
form of human serum albumin that contains two different 
mutations, one of which appears to cause signal peptidase to 
cleave at an alternate site (3). A substitution of Cys for Arg 
at the penultimate position of the pro peptide (not the signal, 
or pre, peptide) of preproalbumin apparently creates a pre- 
ferred site for cleavage by signal peptidase. It was hypothe- 
sized, but not proven, that this mutation causes signal pepti- 
dase to preferentially cleave following the newly introduced 
Cys, 5 residues into the propeptide. Consequently, albumin 
Redhill circulates with an additional Arg residue at the NH 2 
terminus that would normally have been removed during 
processing of proalbumin. As with antithrombin Dublin, there 
is no disease state associated with the presence of albumin 
Redhill. 

Mutations in human signal peptides have been correlated 
with defective secretion and a consequent pathological state 
in only two reported cases: preproparathyroid hormone (5), 
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and coagulation factor Xs. nto[w ^ (FXsd; Ref. 6). Substitu- 
tion of Arg for Cys within the hydrophobic core of prepropar- 
athyroid hormone causes a disruption of the core that leads 
to impaired translocation and/or processing of the nascent 
hormone. Th ls mutation is the apparent cause of one form of 
familial isolated hypoparathyroidism (5). FXsd is a mutant 
form of human factor X in which a point mutation results in 
the substitution of Arg for Gly at the -3 position of the signal 
peptide (Fig. 1; Ref. 6 ). The patient bearing this mutation 
exhibits a severe bleeding diathesis associated with less than 
1% FX enzymatic activity and less then 5% circulating FX 
protein. The intracellular consequences of this mutation are 
not immediately predictable since a mutation within a signal 
peptide could potentially affect secretion at one or more 
stages. It could block targeting of the nascent polypeptide to 
the ER or it could block translocation through the bilayer A 
mutant signal peptide could also prevent cleavage by signal 
peptidase or direct cleavage to a new site (9, 10). To distin- 
guish among these possibilities, a systematic approach using 
mRNAs encoding both mutant and wild-type prepro-FX pro- 
teins was used to study the effect of the mutation on targeting 
translocation, and proteolytic processing by signal peptidase.' 
The results precisely define the effect of the Santo Domingo 
mutation and provide a model approach for analyzing the 
effects of signal peptide mutations on each stage of targeting 
translocation, and proteolytic processing of secretory precur- 
sor protein's. 

EXPERIMENTAL PROCEDURES 
Synthesis of mRNA in Vitro-All cloning procedures used restric- 
tion enzymes and modifying enzymes purchased from Promega. The 
cDNAs of prepro-FXwt and prepro-FXsd (6) were subcloned into the 
ixxcl/BamHl sites of the plasmid pGEM-3Zf(+) (Promega) in the 
correct omntation for transcription by T7 RNA polymerase. Synthe- 
sis ot mKNA m vitro was carried out on 2-5 M g of linearized DNA 
(specified in figure legends) for 1.5 h at 37 *C in the presence of 40 
mM Tns/HCl, pH 7.5, 6 mM MgCl,, 2 mM spermidine, 10 mM NaCl, 
0.5 mM each rATP, rCTP, rGTP, and rUTP, and 40 units of T7 RNA 
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polymerase (U. S. Biochemical Corp ) 

Polymerase Chain Reaction-Two synthetic oligonucleotides were 
prepared using an Applied Biosystems Model 380 DNA synthesizer. 
T^T A q ^ e ° f the T7 P romot€r of ^e pGEM-3Zf(+) plasmid is: 
5 -TAA TAC GAC TCA CTA TA-3' (oligonucleotide T7). The com- 
plementary region between bases 583 and 600 of FX cDNA is- 5'- 
CGC GGA TCC CTA CCA TGT GAT GCT GTC AGG-3' (oligonu- 
cleotide X200). The underlined sequence is a BamUl site added at 
the S'-end of oligonucleotide X200. Polymerase chain reaction am- 
plification (11) was performed in a final volume of 100 ^1 containing 
1 Mg of target DNA (plasmids pGEM-FXwt/FXsd), 10 mM Tris/HCl 



d?TP dPTp 2 -^ m ^ gCl1 ' 10 * g/ml gelatin * 200 mm each 

^ J r T n\j \ i' dTTP ' 1 Mg ° f each oi ^nuc!eotide, and 1 
unit of Taq DNA polymerase (AmpiiTaq, Perkin-Elmer Cetus) The 
reaction mixtures were subjected to 20 cycles of denaturation at 94 - C 
for 90 9 , annealing at 37 'C for 60 s, and primer extension at 72 'C 

Zrt*' The / m u plifie , d ° NA WaS reC0Vered by Phenol/chloroform 
extraction and ethanol precipitation and directly transcribed as de- 
scribed above. ue 

Cell-free Protein Synthesis -Translation of mRNA in a cell-free 
system was performed, according to the manufacturer's (Promega) 
procedure in rabbit reticulocyte lysate or wheat germ extract, sup- 
plemented witn 1 mCi/ml [^methionine, 1-2 rnCi/ml f'Hlisoleu- 
cme, or 1-2 mCi/ml ['HJalanine, as specified in the figure Cnl 
ranslfl tion products were analyzed by SDS-PAGE (12) in the pres- 
ence of 2-mercaptoethanol followed by autoradiography of the dried 
gel using Kodak X-Omat AR films (Eastman Kodak) Enlightning 
(Du Pont-New England Nuclear) was used for fluorography o >S 
containing tritiated amino acids. 

Amino Acid Sequence Analysis-ln preparation for amino acid 
sequence analysis, the proteins were separated by SDS-PAGE and 
ransferred electrophoretically to polyvinyUdene difluoride membrane 
°^°no\ ^} ie< \ Bi ^ystems) using the transfer conditions as de- 
scribed (13) The dried blot was exposed to film for autoradiography 
and the bands of interest were cut from the membrane and subjected 
to automated Edman degradation in an Applied Biosystems Model 
475 Protein Sequencer. The content of radiolabel released by each 
cycle of Edman degradation was determined by liquid scintillation 
counting. 

Signal Peptidase Assay-K translocation-independent assay using 
full-length and truncated prepro-FXwt/sd proteins (produced by cell- 
free protein synthesis) as substrates for detergent -solubilized hen 
ov!duct signal peptidase (HOSP) was employed (14) In a total 
reaction volume of 20 & 2-4 M l of cell-free translation products were 
?!S?7 ? i ? om P osed of 10 mM T "s/Cl pH 8, 250 mM NaCl, 
10% (w/v) glycerol, 1 mM MgCl 2) 5 mM Chaps, 20 mM dithiothreitol, 
unco M^™ 1 .^™ Phatidylcholine. Next, 5 M l of partially purified 
HObP, diluted m the same buffer, were added and the mixture was 
incubated at 28 'C for 60 min. Reactions were stopped by heating the 

?rfo P oAnl 10 ° *°i f ° r 3 min in the presence of an *J ual ^\ume of 
k one f ^t m S!f bu / fer ' tHen the reaction Products were separated 
by bUb-PAGE. The dried gel was subjected to autoradiography as 
described above. 

Assays for Translocation, Processing, and Membrane A.vnrmfan— 
I he mRNAs coding for truncated prepro-FX wt/200 and prepro- 
FXsd/200 were translated in a cell-free rabbit reticulocyte lysate 
system in the presence of dog pancreas rough microsomes. The 
procedure followed was essentially as described (10) except that 
trypsin and chymotrypsin were used at a final concentration of 50 
Mg/ml each, instead of proteinase K. Carbonate extraction of micro- 
somes was carried out as described (10) except that the translation 
mixtures were not treated with protease. 

Expression in Human Embryonic Kidney Cells— Full-length pre- 
pro-FX constructs were transfected into human embryonic kidney 
293 cells as described (6). Forty-eight hours following transfection, 



Fig. 1. The signal peptide se- 
quence of factor X. The amino acid 
sequences of the NH r terminal prepro 
region of FXwt (29) and FXsd (6) are 
shown. The substitution of Arg for Gly 
at the -3 position of the signal peptide 
of FXsd is highlighted in italic charac- 
ters. The actual site of signal peptidase 
cleavage demonstrated in this report (see 
Fig. 4) is indicated by the arrow. Num- 
bers above the amino acids indicate their 
position relative to the signal peptidase 
cleavage site- 



Factor Xwt 
Tactor Xad 



Met Gly Arg Pro Leu His Leu Val Leu Leu Ser 
Met Gly Arg Pro Leu His Leu Val Leu Leu Ser 
1 10 
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Ala Ser Leu Ala Gly Leu Leu Leu Leu Gly Glu Ser Leu Phe 

Ala Ser Leu Ala Gly Leu Leu Leu Leu Arg Glu Ser Leu Phe 

20 23 24 

+3 +8 +ll +13 

lie) Arg Arg Glu Gin Ala Asn Asn Ila Leu Ala Arg Val Thr 

11m Arg Arg Glu Gin Ala Asn Asn Ila Leu Ala Arg Val Thr 



Arg. 
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.Mature protein 
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the cells were puise-labeled for 30 min with 0.5 roCi/ml [^SJmethio- 
nine in Dulbecco's modified Eagle's medium/F-12 medium in the 
presence of 10% (v/v) dialyzed fetal bovine serum and then chased 
for 30 min, 2 h, and 6 h. At each time point, the medium was collected 
and the cells were lysed in 50 mM Tris/HCl, pH 7.5, 150 mM NaCl, 
\% (v/v) Triton X-10O, 0.5% (w/v) 9odium deoxycholate, and 0.1% 
(w/v) SDS. Cell lysate fractions and culture media were immunopre- 
cipitated using rabbit anti-human FX polyclonal antibodies (Dako 
Corp., Santa Barbara, CA). To determine whether the translated 
translocated proteins were glycosylated, 5-^1 aliquots of immunopre- 
cipitated FX proteins were treated with peptide N-glycosidase F (JV- 
Glycanase, Genzyme Corp., Cambridge, MA) as described (15). Pro- 
teins were separated by SDS-polyacrylamide gel electrophoresis and 
were detected by autoradiography. 

RESULTS 

cDNAs encoding both prepro-FX wild-type (prepro-FXwt) 
and prepro-FXs-nto Doming (prepro-FXsd) were subcloned into 
the vector pGEM-3Zf(+) to permit transcription of mRNA 
for translation in vitro (Fig. 2). Proteins produced by cell-free 
translation of mRNAs can be analyzed in translocation-de- 
pendent assays that reconstitute the early steps of the secre- 
tory pathway that include membrane targeting, translocation, 
and proteolytic processing of nascent proteins (16). The same 
mRNAs can be used to prepare proteins for translocation- 
independent assays where the fully synthesized precursor 
proteins are substrates for purified signal peptidase (17). 
Incubation of full-length secretory precursor proteins with 
detergent-solubilized HOSP (14) results in cleavage of the 
signal peptide and the processed protein product can be 
detected because its smaller size usually results in an increased 
mobility compared to the precursor when analyzed by SDS- 
PAGE and autoradiography. Transcription and cell-free 
translation of the full-length prepro-FXwt and prepro-FXsd 
mRNAs produced polypeptides each with an apparent molec- 
ular mass of 64 kDa based on the mobility during SDS-PAGE 
(under reducing conditions) although the calculated molecular 
mass of the polypeptide chain is 54,377 Da. These translation 
products were immunoprecipitable with anti-human FX an- 
tibodies. Pro-FXwt, which was expected to result from re- 
moval of the 23-residue signal peptide from full-length prepro- 

Eco RI 




Fig. 2. Plasmid constructs of full-length and truncated 
forms of prepro-FXwt/sd. For the transcription of the full-length 
mRNAs, the plasmids were linearized with BamHl endonuclease 
which cleaves the plasmid downstream from the termination codon. 
To obtain the truncated prepro-FX/ 127, either wild-type or mutant, 
the plasmids were linearized with Pstl endonuclease at an internal 
site of the FX cDNA sequence following codon 127. The construction 
of prepro-FX/200 (wt or sd) was accomplished by polymerase chain 
reaction amplification of a 712-base pair fragment from the plasmids, 
which includes the first 200 codons of the FX sequence, as described 
under "Experimental Procedures." The location of the X200 primer 
is shown. 



FXwt after treatment with signal peptidase, was not clearly 
resolved from the precursor by SDS-PAGE under reducing 
conditions (data not shown) so an alternate approach was 
taken. Since it has been shown that signal peptidase normally 
cleaves nascent proteins during synthesis and translocation 
into the ER before the completion of the polypeptide chain 
(16), truncated versions of prepro-FX proteins were engi- 
neered so that the change in molecular weight resulting from 
removal of the signal peptide could be readily observed by 
SDS-PAGE analysis. 

The first set of prepro-FX molecules with carboxyl-terminal 
deletions was created by transcription of prepro-FXwt and 
prepro-FXsd pGEM plasmids linearized by cleavage at a 
unique Pstl site within the coding region to obtain mRNAs 
encoding the first 127 amino acids of each protein (Fig. 2). 
Cell-free translation of these mRNAs yielded proteins mi- 
grating on SDS-PAGE with an apparent molecular mass of 
18 kDa (Fig, 3a, lanes 1 and 3), These truncated constructs 
were designated prepro-FXwt/ 127 and prepro-FXsd/127 for 

a 



1 2 3 4 Mk 




HOSP + + 
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Prot . - --- + + + + 
E*t. - - - - - + + 

Fig. 3. Assays for processing, translocation, and segrega- 
tion of prepro-FXwt/sd. a, translocation-independent processing 
assays (17) were performed on truncated prepro-FX/127 (wt and sd) 
obtained by translation of mRNAs in a wheat germ extract system 
supplemented with 1 mCi/ml [ 3 H]Leu. Aliquots of the translation 
mixture were subsequently incubated with HOSP (+) or buffer only 
(-) as described under "Experimental Procedures." Lanes 1 and 2 
show the translation products from the wild-type constructs while 
lanes 3 and 4 show the mutant proteins, b, for targeting, translocation, 
and segregation assays, the mRNAs coding for prepro-FX/200 (wt 
and sd) were translated in a rabbit reticulocyte lysate system supple- 
mented with 1 mCi/ml [ M S]Met in the presence (+) or absence (-) 
of dog pancreas rough microsomes (RM). After translation was com- 
pleted, aliquots of the translation reactions were treated with a 
mixture of trypsin and chymotrypsin {Prot.) in the presence (+) or 
absence (-) of 1% (v/v) Triton X-100 (DerJ. Lanes l r 3, 5, and 7 
show prepro-FXwt/200; lanes 2, 4, 6, and 8 show the mutant protein, 
prepro-FXsd/200. 
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the normal and mutant proteins, respectively. The products 
of cell-free translation were then treated with purified HOSP 
in a translocation-independent assay to determine the ability 
of the peptidase to cleave each truncated precursor. HOSP 
cleaved prepro-FXwt/127 to yield a faster migrating protein 
band which was consistent with the removal of the signal 
peptide (Fig. 3a, lane 2). However, HOSP was unable to cleave 
prepro-FXsd/127 (Fig. 3a, lane 4) which differs only by the 
presence of Arg in place of Gly at the -3 position before the 
predicted (see below) signal peptidase cleavage site. 

To directly determine the site of cleavage by HOSP prepro- 
FXwt/127 labeled with either [ 3 H]Ile or [ 3 H]Ala was 'digested 
with HOSP. The product of signal peptidase cleavage (Fig. 
3a, lane 2) was isolated and subjected to automated amino 
acid sequence analysis as described under "Experimental Pro- 
cedures. 7 * Sequence analysis of the signal peptidase cleavage 
product of [ 3 H]Ile-prepro-FXwt/127 released 3 H at cycles 3 
and 11 (Fig. 4A), whereas the cleavage product of [ 3 H]Ala- 
prepro-FXwt/127 released 3 H at cycle 8 (Fig. 4B). These 
results are consistent with cleavage after Ser 23 (Fig. 1). In 
later cycles of sequence analysis of this protein, a larger than 
usual increase in the carryover of amino acid residues from 
one cycle to the next accounts for the peaks of radioactivity 
observed in cycles 12 (Fig, 4A) and 9 (Fig. 4B). Similar 
problems were encountered upon sequence analysis of the 
full-length prepro-FXwt (not shown) and are attributed to 
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Fig. 4. Amino acid sequence analysis of the signal peptidase 
cleavage product of prepro-FXwt/127. The product of SP cleav- 
age of prepro-FXwt/127 was isolated as described under "Experimen- 
tal Procedures" and subjected to automated NH 2 -terminal amino acid 
sequence analysis. Panel A shows the result of Edman degradation of 
pro- FX labeled with [ 3 H]Ile. Panel B shows the result of amino acid 
sequence analysis of pro-FX labeled with [ 3 H]Ala. 



the difficulties encountered with the sequence analysis 
method- 
Having established that the substitution of Arg for Gly 
blocked translocation-independent cleavage of prepro-FXsd 
by signal peptidase, we next investigated the effect of 'the 
mutation on the membrane targeting and translocation func- 
tions of its signal peptide. A second set of truncated molecules 
designated prepro-FX/200, was prepared containing the first 
200 ammo acids of prepro-FX (Fig. 2), Because there were no 
convenient restriction sites within the coding sequence that 
would yield a truncation mRNA of the desired size, the 
polymerase chain reaction (11) was used. Two synthetic oli- 
gonucleotides were designed to bracket a 712-base pair region 
including the T7 RNA polymerase promoter region and the 
first 200 amino acids of the prepro-FX coding sequence (see 
"Experimental Procedures"). These oligonucleotides were 
used as polymerase chain reaction primers to amplify DNA 
from prepro-FXwt and prepro-FXsd pGEM plasmids. The 
DNA amplification products were then directly transcribed 
by T7 RNA polymerase and the resulting mRNAs translated 
in the cell-free synthesis system. Translation of each trun- 
cated mRNA yielded a protein migrating with an apparent 
molecular mass of 24 kDa (Fig. 36, lanes 1 and 2). As with 
the 127-residue FX molecules, HOSP cleaved prepro-FXwt/ 
200 but not prepro-FXsd/200 in translocation-independent 
assays (not shown). 

Prepro-FX/200 mRNAs were next translated in a cell-free 
protein synthesis system in the presence of dog pancreas 
rough microsomes (18) and the locations of the protein prod- 
ucts were probed by addition of proteases. Proteins that are 
targeted to the ER and translocated to the interior of the 
microsomal vesicles in these translocation -dependent assays 
are protected from digestion by added proteolytic enzymes 
which cannot enter the vesicles (19). Prepro-FXwt/200 was 
cleaved by signal peptidase (Fig. 36, lane 3) and the processed 
form was protected from proteolysis (Fig. 36, lane 5). Although 
not cleaved bv signal DeDtidase (Fig. 36. Iane4) } Drepro-FXsd/ 
200 was properly targeted to the microsomes because its 
unprocessed form was also protected from digestion by added 
proteases (Fig. 36, lane 6). The protection from proteases 
observed in each case must have resulted from insertion of 
prepro-FXsd/200 and pro-FXwt/200 into the microsomes be- 
cause addition of detergent to the reaction mixture allowed 
the proteases to penetrate the microsomes and destroy all 
protected FX molecules, establishing that they were not in- 
herently stable to the protease digestion (Fig. 36, lanes 7 and 
8). 

Following cell-free synthesis of prepro-FX molecules in the 
presence of microsomes, the vesicles were extracted with 0,1 
M Na 2 CO ;i , pH 11.5, to determine whether the processed 
protein products were integrated into the lipid bilayer. Treat- 
ment of membrane vesicles at high pH solubilizes non-mem- 
brane proteins and leaves only integral membrane proteins 
associated with the sedimentable lipid bilayers (20). This 
technique revealed that the unprocessed prepro-FXsd/200 
and prepro-FXwt/200 were primarily associated with the pel- 
leted membranes (Fig. 5). In contrast to the uncleaved prepro- 
FXsd/200, the processed pro-FXwt/200 was released into the 
supernatant upon treatment with carbonate, further demon- 
strating that the cleaved form of the protein had been cor- 
rectly targeted to the interior of the microsomes in a soluble 
state. We conclude that the uncleaved prepro-FXsd/200 is 
translocated into the microsomal vesicles where it is protected 
from proteolysis and remains anchored in the ER membrane 
via the uncleaved hydrophobic signal peptide. 

Less than 10% of prepro-FXwt/200 was observed associated 
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Fig. 5. Extraction of microsomes with carbonate. mRNAs 
coding for prepro-FX/200 wild type ( WT) and Santo Domingo {SD) 
were translated in a rabbit reticulocyte lysate system supplemented 
with 1 mCi/ml [ M S]Met in the presence of dog pancreas rough 
microsomes. Following the completion of translation, the microsomes 
were treated with 0.1 M Na 2 C0 3 (Ref. 10). The resulting pellet (Pel) 
and supernatant {Sup) fractions from each carbonate extraction were 
immunoprecipitated with anti-factor X then examined by SDS-poly- 
acrylamide gel electrophoresis and autoradiography. 

with the microsome pellet following carbonate extraction (Fig. 
5). This precursor form must be exposed on the exterior 
surface of the microsomes because all uncleaved prepro- 
FXwt/200 molecules were shown to be susceptible to prote- 
olysis (Fig. 36, lane 5). This result suggests that at least a 
small proportion of correctly targeted precursor protein mol- 
ecules are present in a membrane-bound form that is not 
extractable by carbonate yet remains accessible to added 
proteinases. This may be the result of an experimental artifact 
of the cell- free protein synthesis system in which the concen- 
tration of microsomes was limiting. Nevertheless, the effect 
of the Santo Domingo mutation on targeting of factor X is 
clear. In the case of prepro-FXwt/200, all translocated pro- 
teins, as defined by protection from proteolysis, are cleaved 
by signal peptidase. This result stands in contrast to the 
mutant factor X for which none of the translocated prepro- 
FXsd/200 molecules were cleaved. 

Experiments were next designed to compare the results 
obtained with the truncated proteins in a cell-free system 
with the effect of the mutation on the secretion of the full- 
length proteins transiently expressed in a eukaryotic cell line. 
We followed the fate of pulse-labeled FX in transfected hu- 
man embryonic kidney 293 cells (6), in the cell media, and in 
the intracellular fraction (Fig. 6). The mature, two-chain form 
of FXwt (21) was secreted beginning at 30 min and reached a 
maximum level of secretion at approximately 6 h (Fig. 6a). In 
contrast, FXsd was not detected in the cell medium at any 
time up to 24 h following the pulse of [^S] methionine (Fig. 
66). In each case, FXwt and FXsd proteins detected in the 
intracellular fraction were sensitive to digestion by N-glycan- 
ase indicating that they were glycosylated (Fig. 7) and there- 
fore had reached the lumen of the ER. Cleavage by N- 
glycanase results in small, measurable increases in electro- 
phoretic mobility of the factor X proteins consistent with the 
removal of approximately 2 kDa of carbohydrate. These re- 
sults parallel those obtained in the cell-free system, confirm 
the efficient translocation of prepro-FXsd into the lumen of 
the ER, and show the absolute block of the secretion of the 
mutant protein. 

DISCUSSION 

Signal peptides are recognized by several different proteins 
of the eukaryotic translocation and processing apparatus dur- 
ing the initial stages of targeting and transport of nascent 
proteins into the ER (22). They are apparently recognized 
first by the 54-kDa subunit of the signal recognition particle 
which binds to the nascent protein and directs the entire 
synthetic complex to the ER (23, 24). Once bound to the ER, 
signal peptides may also interact with components of a pos- 
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Fig. 6. Metabolic labeling of cells transfected with prepro- 
FXwt and with prepro-FXsd. Human embryonic kidney 293 cells 
transfected with full-length prepro-FX constructs were pulse-labeled 
for 30 min with [ M S]Met, then chased for 0.5, 2, and 6 h. Cell lysates 
(C) and culture media (S) were collected at each time point and 
immunoprecipitated using rabbit anti-human FX polyclonal antibod- 
ies. Panel a shows the results for the wild- type FX protein and panel 
b the results for FXsd. 

Std Wt SD Wt SD 

N-Glycanaso - - + + 



+ CHO 
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Fig. 7. Treatment of prepro-FX molecules with iV-glycan- 
ase. Intracellular forms of factor X proteins produced during meta- 
bolic labeling in human embryonic kidney 293 cells were used to 
determine whether the proteins were glycosylated. The wild-type 
{Wt) and Santo Domingo (SD) factor X products present immedi- 
ately following the chase with unlabeled methionine were either 
treated (+) or not treated (-) with N- glycanase to remove any 
attached carbohydrate. The products of the iV-glycanase reaction 
were then separated by SDS-polyacrylamide electrophoresis and de- 
tected by autoradiography. 14 C-LabeIed molecular weight standards 
{Std) are shown in the first lane. 

tulated translocation apparatus (25). A 35 -kDa ER membrane 
protein has been identified by photochemical cross-linking as 
a putative signal sequence receptor (26). Additional proteins 
yet to be identified may interact with the peptide as it is 
inserted into the translocation site. Finally, most ER signal 
peptides are proteolytically removed by signal peptidase once 
the nascent protein has begun the process of transport or 
insertion into the ER (16). It is difficult to define those aspects 
of the signal peptide that serve as recognition determinants 
for the various proteins that bind them because the amino 
acid sequences of individual signal peptides vary considerably 
(1, 27). Because the structural characteristics that mediate 
the specific interactions of signal peptides with the multiple 
components of the translocation mechanism are not yet well 
understood, the occurrence of a mutation within a signal 
peptide can have unpredictable consequences. The experi- 
ments described here provide an approach using several es- 
tablished techniques to dissect the early steps of the secretory 
pathway and identify those affected by mutations in the signal 
peptide region. The use of truncated mRNAs to produce 



5740 



Factor X Signal Peptide Mutation Blocks Signal Peptidase 



shorter precursor protein molecules is esoeciallv useful in Tv^ r j- 

those cases where the removal of the sZ "pt^ f om SS S the UndeaVed Slgnal ^ tide a ™hors prepro- 

larger proteins is not eas.ly d^^St^p^ KJ2°° m . the -'crosomal membrane suggests the possfbil- 

y SUb PAGE lty that "^cleaved prepro-FXsd remains inserted in the ER 

L^t^T^l^r^, it is likely 



methods. 

Since the interaction of the signal peptide with the signal 
recogmhon particle is the first critical stage in targeting of 
the nascent polypeptide chain to the ER, some signal peptide 
mutants abrogate targeting and cause the protein to be syn- 
hes.zed m the cytoplasm (1). Our experiments demonstrate 
that the targeting step is not blocked by the mutation in FXsd 
as the mutant protein is delivered to microsomal vesicles 
during cell-free protein synthesis (Fig. 3) and to the ER during 
synthesis >n mtact cells (Fig. 6). These experiments demon 
strate further that the mutation also does not block the 
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graded (32 33). Sometimes this degradation process is quite 
rapid. In the case of prepro-FXsd transfected in human em- 
bryonic kidney cells, the protein is relatively stable although 
it is evident that the protein is degraded slowly in these cells 
1 he patient expressing this mutation did have a very low level 
process of translocation into the lumen 11^^^^ I n*!?" de , tectable in her blood w ^ich could represent 
signal peptide function, its recognitors and c£« t riSiS T ? T ° f k prepr0 ' FXsd that «™ped degradation, 
peptidase, that is dramatically ImpairedTn S S Sd ^T^^ T^ 0 ™ in ^ of human 

as a direct result of the substitution of Arg for Gly at the -3 
position of the FXsd signal peptide. Both truncated forms of 
prepro-FXwt analyzed in these experiments were cleaved to 
pro-FX by detergent-solubilized signal peptidase in vitro. 
Under the same experimental conditions, cleavage of the 
truncated prepro-FXsd molecules was not observed. 

Sequence analysis of the signal peptidase cleavage product 
of prepro-FXwt provided the first direct demonstration of the 
site of processing of human prepro-FX. A preliminary report 
on the site of cleavage of the signal peptide for the bovine 
protein has appeared (28) and the site in human prepro-FX 
has been correctly inferred from comparison of the gene 
organization of other vitamin K-dependent coagulation fac- 
tors (29, 30), but this study is the first to demonstrate the site 
directly. Signal peptidase cleaved prepro-FX following Ser 23 . 

Among the general structural features that are present in 
all signal peptides, the amino acids close to the cleavage site 
appear to have the strongest influence on the specificity of 
cleavage by signal peptidase (2, 31). Signal peptides must have 
amino acids with small side chains at the -1 and -3 sites 
immediately before the site of cieavage (2). Large aromatic, 
charged, or polar amino acid residues are not observed at 
these sites. The placement of Arg at the critical -3 position 
of the prepro-FXsd mutant signal peptide clearly interferes 
with cleavage. It should be noted that this mutation did not 
induce a shift in signal peptidase cleavage site, an effect that 
has been observed in other cases. For example, substitution 
of Glu for Val at the -3 position of antithrombin Dublin 
results in redirection of signal peptidase cleavage to a new 
site 2 residues toward the COOH terminus of the protein (4). 
Similarly, albumin Redhill is another example in which a 
mutation appears to redirect signal peptidase cleavage to a 
new site (3). Signal peptidase appears to have some degree of 
flexibility in its selection of the site for cleavage if a suitable 
alternative site is present. In the case of prepro-FXsd, it 
appears that a suitable alternative cleavage site is not avail- 
able so the result of the mutation is to block cleavage com- 
pletely. 

The results obtained in the cell-free system were further 
corroborated by the results of the transient expression of the 
full-length prepro-FX wild-type and Santo Domingo proteins 
in human embryonic kidney cells. The wild-type protein was 
processed and secreted efficiently in its two-chain zymogen 
form (21) while the mutant FX was never detectable in the 
cell culture medium. Consistent with the observations in vitro, 
the protein detected in the intracellular compartment was 
glycosylated demonstrating that the mutant protein was in- 
deed translocated into the ER where glycosylation takes place. 
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secretory proteins can have serious consequences. Although 
only two examples have been described thus far which result 
in disease, preproparathyroid hormone (5) and factor X Santo 
Domingo (6), additional examples will surely be recognized in 
the future. As described here, a systematic approach to the 
study of the specific effects of such mutations on the earliest 
stages of the biosynthesis of secretory or membrane proteins 
will lead to more complete understanding of the role of signal 
peptides and signal peptidase in human physiology. 
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were studied by Western blotting, immunocytochemistry, and AVP 
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amounts of 23-kDa NPII protein corresponding ^ undewodp*P£ 
AVP-NPII Furthermore, a substantial portion of the intracellular 
AW-NPII pr^ursor appeared to be colocalized with an endoplasmic 

reticulum antigen (Grp78). c™^™ that this 
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THE AUTOSOMAL dominant form of familial neurohy- 
pophyseal diabetes insipidus (adFNDI) is a rare dis- 
ease characterized by persistent thirst, polydipsia polyuria, 
an7a deficient neuros'ecretion of theantidiurehc hormone 
arginine vasopressin (AVP) (1-5). The deficiency of AVP 
secVeuon develops early in childhood (6) and appears to be 
caused by degeneration of monocellular neurons in the 
supraoptic and paraventricular nuclei (7-10). 

See 1991 adFNDI has been linked to 31 different mu- 
tatioS in 1 allele of the gene that codes for the AVP-neu- 
a oph7si^Il parser protein, AVP-NPII (6, 11-30). This gene 
is located in chromosome 20 and consists of 3 exc«that 
encode, respectively, D the 19-ammo acid s.gnal pephde 
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(SP), vasopressin (AVP), and the amino-terrrunal region o 
the transport protein NPU 2) the highly conserved central 
part of NPII; and 3) the carboxyl-terminal region of NPII and 
a glycoprotein, copeptin (31). Of the 31 different mutations 
identified in adFNDI, 4 are predicted to alter the signal pep- 
tide (6, 13, 17, 20-22, 24, 25), 1 is predicted to alter the AVP 
moiety (26), and the other 26 are predicted to alter the NP 
moiety 11 12, 14-20, 23-25, 27-30). Of the 4 SP mutations, 
3 are located near the cleavage site. One that substitutes 
threonine for alanine at position -1 is the most common 
mutation described in adFNDI, as it has now been found in 
7 apparently unrelated families in America, Japan, Denmark, 

^BaS^n the location and type of mutations identified in 
adFNDI and the lack of any major differences in the clinical 
phenorypes, we and others have postulated that all of the 
mutations act by replacing or deleting one or more ammo 
acids important for proper folding and processing of the 
preprohormone (17). As a result of this defect, the mutant 
precursor cannot be folded and dimenzed and is retained m 
the endoplasmic reticulum, where it accumulates and even- 
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tually kills the cell by interfering with the orderly processing 
of other essential proteins. This hypothesis is supported by 
recent in vitro expression studies that demonstrate accumu- 
lation of mutant AVP-NPII precursor within the endoplas- 
mic reticulum (ER) (32, 33). In the resent study, we have 
investigated both the clinical phenotype and the cellular and 
biochemical effects of the AVP-NPII gene mutation most 
often identified in adFNDI. 

Subjects and Methods 

Subjects 

Studies were performed on 32 living members (16 men and 16 wom- 
en; mean age, 34 yr; range, 2-69 yr) from 3 generations of a Danish 
kindred previously shown to have FNDI (4) in association with a mis- 
sense mutation predicted to alter the C-tenrunal residue of the signal 
peptide (17) (Fig. 1). Also studied were 11 spouses of the affected kindred 
members (aged 47.1 ± 11 yr). The local ethical committee approved the 
study, and appropriate informed consent was obtained from all human 
subjects. 

Clinical tests 

Members of the family were questioned about the signs and symp- 
toms of diabetes insipidus. All but two of those with a history of polyuria 
and polydipsia had one or more tests to confirm the diagnosis of diabetes 
insipidus. The tests included 1) measurements of the 24-h urine volume, 
urine osmolality, plasma osmolality, and plasma AVP when the subjects 
were untreated and on ad libitum fluid intake; 2) measurements of 
plasma osmolality, plasma vasopressin, and urine osmolality during a 
fluid deprivation test or infusion of hypertonic (3%) saline (34); and 3) 
measurement of spot urinary osmolality during treatment with thera- 
peutic doses of l<les-arruno-D-arginine-8 AVP (DDAVP). In some af- 
fected and unaffected family members, vasopressin was also measured 
in spot urines collected randomly under conditions of ad libitum fluid 
intake. 

Laboratory 

Plasma AVP was measured by RIA, which was a modification of the 
method described previously (35). Before the assay procedure, C lg Sep- 
Pak extraction was performed, a rabbit anti-AVP was used (ICM Im- 
munochemicals, Tumba, Sweden). The minimum level of detectability 
was 0.5 pg/mL. The coefficients of variation were 13% (interassay) and 
9% (intraassay). Urinary AVP was determined after lyophilization and 
reconstitution to isotonicity with distilled water, and the values are 
expressed per mg creatinine as previously described (6). Plasma and 
urine samples were measured for osmolality by freezing point depres- 
sion (Advanced Cryometric Osmometer, 3C2, Advanced Instruments, 
Need ham, MA). Plasma creatinine was measured by routine methods. 

Amplification and sequencing of genomic DNA 

Genomic DNA was extracted from the buffy coat of peripheral leu- 
kocytes as described previously (6). All exons of the VPNPII gene were 
amplified separately by PCR using 30-bp primers flanking each exon. 
The primer sequences and locations as well as the PCR cycling condi- 
tions have been described previously (17). For restriction enzyme di- 



gestion analysis, the PCR product was digested with the endonuclease 
BsrUI following the manufacturer's instructions. 



Construction of expression vectors 

A pc-DNA 1 plasmid (Invitrogen, San Diego, CA) containing a 70O-bp 
human wild- type complementary DNA (cDNA) fragment encoding the 
entire human AVP-NPII precursor protein, pcDNA-HV2 (36), was pro- 
vided by Prof. D. Richter, Eppendorf University (Hamburg, Germany). 
Sequencing of the plasmid revealed a deviation from the normal 
genomic sequence, namely a G to T substitution at position 2120 in the 
genomic sequence (position 579 in the cDNA sequence (36), predicting 
an amino acid change in the NPII moiety (Gly^Val). This discrepancy 
was corrected by replacing the distal part of the cDNA with a PCR- 
generated fragment from the genomic DNA of a control subject. 

The signal peptide mutation Ala(-l)Thr was introduced by site- 
directed mutagenesis according to the PCR-based method described by 
Kuipers et al. (37). In the first PCR, a DNA fragment was amplified with 
a flanking primer in the central portion of exon 2 and a mutagenesis 
primer containing a G to A substitution at position 279 in the genomic 
sequence. The purified PCR product from the first PCR was then used 
as a megaprimer together with the T7 primer in a second PCR with the 
wild-type plasmid as a template. After digestion with Hmdffl and Smal, 
the purified product from the second PCR was ligated back into the 
wild-type plasmid. To confirm that no PCR-derived errors were present, 
the constructed plasmid and the wild- type plasmid were checked by 
sequencing. 



Cell culture and transfection 

Mouse Neuro2A cells were obtained from the American Type Culture 
Collection (Manassas, VA) and were grown in DMEM (Life Technolo- 
gies, Inc., Gaithersburg, MD) supplemented with 10% FCS. The cells 
were maintained in a 5% C0 2 atmosphere at 37 C. One day before 
transfection, the cells were reactivated in culture flasks at 50% conflu- 
ence. Transfection of the cells with recombinant plasmids or pcDNA 1 
vector as a control was performed using a calcium phosphate copre- 
cipitation method (38, 39). 



Northern blotting and measurement of secreted 
immunoreactive AVP 

Sixteen hours after transfection, the cells were plated in either six-well 
plates for measurement of AVP immunoreactivity in the cell medium or 
in culture bottles for Northern blot analysis. The following day the cells 
from the six-well plates were washed in PBS and supplied with 2 mL 
fresh culture medium. After 24 h, the culture medium was harvested. 
The cells were lysed, and the protein concentration of the lysates was 
determined by Bradford protein assay (Bio-Rad Laboratories, Inc., 
Hercules, CA). For Northern blotting, the cells were grown for 48 h in 
culture medium. Total ribonucleic acid (RNA) was isolated from the 
transfected cells using a RNA extraction kit (RNAzol, WAK Chemical 
Co., Bad-Sodem, Germany). Total RNA (5 Mg) was subjected to agarose 
gel electrophoresis and transferred to a Zeta Probe membrane (Bio-Rad 
Laboratories, Inc.) by capillary blotting. A 600-bp human AVP-NPII 
cDNA was radiolabeled (Prime It, Stratagene, La Jolla, CA) with 32 P and 
used as a probe. Hybridization and autoradiography were performed 
using standard methods. 



Fig. 1. Pedigree of a Danish kindred 
with diagnosed adFNDI. Clinically af- 
fected subjects are marked with black- 
ened symbols. Presence of the Ala( - DThr 
mutation by either sequencing or restric- 
tion enzyme digestion is marked with a 
plus. As shown, all clinically affected sub- 
jects (n = 16) and none of the unaffected 
(n = 27) had the mutation. 
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Western blot analysis 

Forty-eight hours after transfection, cells for Western blotting were 
lvsed with Ndet buffer (1% Nonidet P-40, 0.4% desoxychotate, 66 
mmoI/L ethylenediamine tetraacetate, and 10 mmol/L Tris-HCl, pH 
7.4) supplemented with protease inhibitors (Trasylol, 200 U/nuV 
ieupeptin, 10 ^g/mL; bacitracin, 200 /xg/mL; phenyimethylsulfo- 
nylfluonde, 250 Mmol/L; Sigma Chemical Co., St. Louis, MO) (33) 
When differentiated cells were studied, cells were grown in serum- 
free medium for 24 h before cell lysis. Cell extracts were subjected to 
16.5% Tns-tncme gel electrophoresis, and separated proteins were 
electrotransferred to a polyvinylidene difluoride membrane using a 
transfer buffer containing 50 mmol/L boric acid (pH 9.0) and 20% 
methanol. For the detection of NPII proteins, the membranes were 
blocked and incubated with anti-NPU antibody (DAKO Corp 
Glostrup, Denmark), and the proteins were detected with a chemi' 
luminescence detection system (Western-Light Plus Kit, Tropix, Bed- 
ford, MA). 

Immunostaining and confocal laser scanning microscopy 

Immediately after transfection, cells were grown in chamber slides 
(Nunc, Copenhagen, Denmark) for 24 h in culture medium containing 
10% serum followed by 24 h in serum-free medium to induce differ- 
entiation to neuronal cells. The cells were then fixed with 4% parafor- 
maldehyde and immunostained essentially as described by Jensen et al 
(40). The primary antibodies were directed specifically against NPII 
(anti-NPII, rabbit anti human-NPII, ICN Biochemicals, Inc. Costa Mesa, 
CA). The secondary antibody was fluorescein isothiocyanate-conjugated 
porcine rabbit antibody (Dakopatts, Copenhagen, Denmark). For con- 
focal laser scanning microscopy (Leica Corp., Heidelberg, Germany), we 
used a two-layer immunostaining procedure separated by a washing 
period in PBS. The cells were incubated for 60 mm at room temperature 
vith the NPII antibody diluted (1:1000) in blocking reagent (Boehringer 
Mannheim, Mannheim, Germany) followed by incubation with the sec- 
ondary antibody (1:200) for another 60 min. 

To look for colocalization of NPII and endoplasmatic reticulum or 
Golgi apparatus, cells were also incubated with either a mouse antibody 
directed against an ER antigen (Grp78; Stress Gen, Biotechnologies, 
Victoria, BC, Canada; diluted 1:50) (33) or a mouse antibody directed 
against a Go igi antigen (microtubuie-biiiding Gol^i mciubiane pruteui 
58K, Sigma; 1:50), followed by incubation with rhodamine-conjugated 
goat antimouse antibody (Sigma; diluted 1:200). After washing, cover- 
slips were mounted with one droplet of anti-fade solution (41). 



The Grp78 antibody is monoclonal and identifies elucose-reeulated 
protem 78 (Grp78) also known as Ig heavy chain binding protem and 
addihonal proteins containing the KDEL retention signal sequence. The 
KULL retention signal is a carboxyl-terrnmal sequence (Lys-Asp-Glu- 
Leu) shared by luminal ER proteins and is shown to be attached to 
proteins retained in the ER (42). The FITC-conju gated antibodv and 
rhodamine-conjugated antibodies are visualized by confocal laser scan- 
ning microscopy as red and green fluorescent colors, respectively. Co- 
locahzahon of the NPII protein and Crp78 protein results in a merge 

rSTcdoT C ° IOrS ^ ViSUali2ed 35 an ora *ge/yellow Auo- 
Results 

Clinical studies 

Sixteen members (7 women and 9 men) from 3 generations 
of the kindred had a history of polyuria and polydipsia since 
childhood. The clinical results are listed in Table 1. In sum- 
mary, the age of onset in this kindred was rather high and 
averaged 3.2 yr (range, 2.5-9 yr). All but one patient (FIII-11) 
showed complete diabetes insipidus with an inability to con- 
centrate urine and a severely deficient secretion of AVP dur- 
ing osmotic stimulation. There was no significant gender 
difference in the severity of polyuria even when values were 
corrected for body weight (data not shown). All 15 patients 
responded well to treatment with DDAVP and, except for 1 
who chose not to continue treatment, currently maintain nor- 
mal urine volumes and osmolalities on intranasal doses ranging 
from 10-40 p,g (mean, 22 Mg/day). As in other adFNDI kin- 
dreds, 1 diseased affected family member (FI-1) had experi- 
enced a gradual decline in urine volume after the age of 50 yr 
to a level at which treatment was no longer necessary. 

As shown in Fig. 2, mean urinary vasopressin measured 
in a random sample and expressed as a function of the 
concurrent urinary creatinine was significantly lower in 14 
affected subjects than in 11 unaffected family members 
and 11 spouses (15 ± 8, 39 ± 15, and 35 ± 13 pg/mg 
creatinine, respectively). Although the individual values in the 



TABLE X. Clinical and hormonal data on 16 affected patients from a Danish kindred with familial neurogenic diabetes insipidus 



Basal 



Osmotic stimulation 



DDAVP 



Patient 


Gender 


Age" 

(yr) 


BW 

(kg) 


Age of 
onset 
(yr) 


Uvol 
(L/24 h) 


Uosm 
(mosmol/kg) 


Posm 
(mosmol/kg) 


Pavp 

(pg/ml) 


Type 


(mosmol/kg) 


Pavp m4I 

(pg/mL) 


Uo8m mM 
(mosmol/kg) 


DD 

(i.n.) 
(^g/day) 


Uosm 
(mosmol/kg) 


FIII-2 


F 


63 


98 




14.5 


65 


290 


0.6 


H 


312 


0.7 


135 


10 


360 


FIII-3 


M 


58 


70 


2-3 


11.0* 


87 














ir 




FIII-6 


M 


55 


65 


Childhood 


6.8 


164 


293 




F 


310 




202 


20 


469 


FIII-7 


M 


51 


84 


Childhood 


10.8 


100 


289 




F 


303 




166 


20 


498 


FIII-11 


M 


39 


76 


Childhood 


6.8 


222 


290 




F 


296 




343 


15 


473 


FIII-14 


M 


47 


82 


2-3 


10.0 6 
















30 


561 


F1V-2 


M 


42 


128 


3 


28.9 


71 


293 












40 


416 


FIV-6 


F 


38 


86 


3 


14.7 


74 


296 


0.5 


H 


311 


0.7 


83 


40 


512 


FIV-X1 


F 


33 






















20 


902 


FIV-14 


M 


33 


88 


3 


11.8 


168 


292 


0.7 


H 


299 


0.8 


196 


10 


546 


FIV-18 


F 


17 


55 




6.6 


99 


286 




F 


292 




154 


20 


304 


FIV-21 


F 


22 


64 


9 


9.0 ft 
















10 


733 


FV-1 


F 


10 


40 


4 


13.2 


75 


298 


1.6 


H 


311 


1.6 


75 


20 


318 


FV-2 


F 


8 


40 


2 


12.0 


65 


294 


1.1 


H 


302 


1.3 


59 


40 


729 


FV-4 


M 


16 


56 


2 


16.5 


71 


297 


0.9 


H 


314 


1.1 


95 


20 


849 


FV-5 


M 


13 


41 


3 


12.8 


63 


291 


0.9 


H 


307 


1.1 


85 


20 


641 


Mean 








3.4 


12.4 


102 


292 


0.9 




305 


1.0 


144 


22 


554 


5EM 








0.6 


1.4 


13.9 


1.0 


0,14 




2.2 


0.13 


25 


2.7 


48 



H, Hypertonic saline infusion; F, dehydration test; DD, daily dose; ir, irregular use. 

a When tested. 

6 Home measurement. 




Age (years) 



FIG. 2. The urinary excretion of vasopressin (U-AVP), as determined in spot urine and related to creatinine content, showed significantly lower 
values in affected individuals compared with unaffected individuals or spouses. As shown in the lower panel, an age-dependent loss of vasopressin 
secretory capacity was indicated by a highly significant negative correlation between U-AVP levels and age in both affected and unaffected family 
members. Affected members; O, unaffected members; A, spouses. 



3 groups overlapped slightly, at a cut-off level of 25 pg/ mg 
creatinine the positive predictive value for detecting adFNDI by 
this method was 81.3%, and the negative predictive value was 
95.2%. As shown in the lower panel of Fig. 2, urinary vasopressin 
excretion correlated negatively with age in both affected and 
unaffected family members (r = -0.78; P < 0.001 and r = -0.71; 
P < 0.05, respectively). 

Geio typing 

equencing the coding region of AVP-NPII gene in 12 of 
the 16 affected family members revealed that all of them 
have a single base substitution (G— >A) at position 279 in 
exon 1 of 1 allele. This mutation predicts the exchange of 
Ala with Thr at the -1 position of the signal peptide 
moiety (Fig. 3). No abnormalities were found in the rest of 
the coding region of the gene. As the mutation eliminates 
a restriction site for the endonuclease BsrtJI, digestion of 
exon 1 with this enzyme resulted in an abnormal 269-bp 
fragment in affected subjects (Fig. 4). This abnormal prod- 
uct was found in all 16 affected family members, but in 
none of the 16 who were unaffected or any of the 11 
spouses (Figs. 1 and 4). Two children (FV-7 and FV-10) 
who had no symptoms but were too young to assign a 
phenotype both showed a normal digestion pattern. 

Expression studies 

As shown in Fig. 5, Neuro2A cells transiently transfected 
with the wild-type cDNA secreted significantly more im- 
munoreactive A VP into the medium (41.2 t: 5.6 pg/Vg cell 
protein-24 h) than the cells transfected with Ala(-l)Thr mu- 
tant cDNA (5.8 ± 0.9) or the unmodified vector (0.1 ± 0.01). 
Northern blotting showed similar levels of messenger RNA 
expression (data not shown). 



As shown in Fig. 6, Western blotting of lysates from cells 
transiently transfected with wild-type cDNA revealed one 
band of protein that reacted with the NP1I antibody. It cor- 
responded in size to the 21-kDa glycosylated pro- A VP pre- 
cursor. In contrast, cells transfected with the mutant cDNA 
produced a slightly larger band of protein that had a mo- 
lecular size of approximately 23 kDa, which is similar to 
uncleaved, glycosylated prepro-AVP. 

As shown in Fig. 7, cells transfected with wild-type cDNA 
contained small aggregates of NPII immunoreactivity (green 
color) that was distributed throughout the cytoplasma, es- 
pecially in the tips of the cellular processes where the secre- 
tory vesicles normally are located (Fig. 7A). However, in cells 
expressing the mutant cDNA, the immunofluorescence was 
localized to the perinuclear network and was observed to a 
much lesser extent in the tips of the cells (Fig. 7B). Labeling 
with the Grp78 antibody (red color) showed a uniform pe- 
rinuclear staining in both cells expressing the wild- type (Fig. 
7C) and those expressing the mutant cDNA (Fig. 7D). When 
the cells were double labeled with the NPII antibody (green) 
and the Grp78 antibody (red), the wild-type cells showed no 
colocalization (Fig. 7E). However, double labeling of the cells 
expressing the mutant cDNA showed that a substantial por- 
tion of the NPII protein appeared to be colocalized with the 
ER antigen Grp78 (orange/yellow color, Fig. 7F). Double label- 
ing of the cells with the NPII antibody and the Golgi antibody 
revealed no colocalization in either wild-type or mutant cul- 
tures (not shown). 

Discussion 

These studies provide further clinical and molecular ge- 
netic evidence that a missense mutation affecting the -1 
signal peptide residue of the AVP-NPII preprohormone 
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Fig 3. A, Schematic diagram of the coding region of the AVP-NPII 

m ;«^^ Q fe= ^* «ienal peptide mutation. B, Section or 

the sequencing chromatogram obtained by bidirectional dye termi- 
nator sequencing of PCR-amplified exon 1 of the AVP-NPII gene from 
one of the affected members of the family (a, sense; b, antisense) and 
from an unaffected member (c, antisense). The arrow indicates the 
heterozygous mutation seen in both the sense and the antisense 
chromatogram from the affected family member. SP, Signal peptide; 
VP, vasopressin; NP, neurophysin; CP, copeptin. 

causes adFNDI by directing the production of a mutant AVP- 
NPn precursor that cannot be processed and routed nor- 
mally. As in previous reports of kindreds with this mutation 
(6 13, 17, 20, 24), it cosegregated perfectly with clinical signs 
of the disease, affected equal numbers of males (9) and fe- 
males (7), and was transmitted to approximately 50% of those 
at risk. Like a previous report (6), we also found that the 
clinically affected members always had a greater than 50 h 
deficiency in AVP secretion even though only one allele of 
the gene was mutated. These findings are fully consistent 
with a completely penetrant autosomal dominant trait. 

The present study also supports a previous report (6) that 
the AVP deficiency produced by this Ala(-l)Thr mutation 
is not present at birth, but develops early in childhood 1 and 
worsens progressively with time. Thus, we found that the DI 
in our kindred reportedly began at ages ranging from 2-9 yr, 
and the urinary AVP excretion in these patients correlated 
negatively with age. However, as in other adFNDI families 
the debut of symptoms (2-9 yr) as well as the seventy of 
polyuria (6.6-28.8 L/24 h) and the AVP deficiency (assessed 
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Fig. 4. BstMl digestion of PCR product from genomic DNA from five 
affected and nine unaffected family members of the FNDI kindred. 
Agarose gel electrophoresis of the digestion products showed a het- 
erozygous pattern with an abnormal band {269 bp) in all affected and 
in no unaffected family members. 

by both plasma and urine content) varied considerably 
within the family. Because of this variability and the limited 
number of patients usually available for careful evaluation, 
it is difficult to determine with certainty whether there are 
significant differences in the severity of the disease produced 
by the various AVP-NPII gene mutations. However, there is 
some evidence suggesting that the age of onset is lower in 
several kindreds with mutations in the NPII moiety 
(Leu^ro, Gly* 7 Arg, and Arg^Pro) than in those with the 
Ala(-l)Thr mutation in the SP (27, 29). This difference is 
consistent with theoretical expectations, because mutations 
affecting the SP cleavage site would be expected to allow the 
formation of some normal prohormone from the mutant 
alleles whereas the NP mutations would not (17, 27). 

The'wide variability in the age of onset and severity of the 
AVP deficiency among patients with the same Ala(-l)Thr 
mutation is unexplained but is probably due to individual 
differences in other genetic or environmental influences on 
the neurohypophysis. For example, the rate of production of 
the mutant precursor could vary due to individual differ- 
ences in the control of gene expression and/or the intensity 
of neurohypophyseal stimulation. Susceptibility to the pos- 
tulated toxic effect of the mutant precursor could also vary 
due to individual differences in the capacity to degrade or 
otherwise dispose of the mutant precursor. Finally, the se- 
cretory reserve of the neurohypophysis could also vary due 
to individual differences in the development of the gland. 

Our finding that the basal urinary AVP /creatinine ratio 
declines with age in unaffected as well as affected family 
members was unexpected because the plasma AVP response 
to osmotic stimulation increases with age in healthy adults 
(43) This discrepancy may be due to age-related differences 
in urinary AVP clearance or other variables, such as the rate 
of basal water intake and insensible loss. Either way, it is a 
reminder that even when adjusted to the rate of creatinine 
excretion, urinary AVP excretion is not always a reliable 
index of AVP secretion (44) or AVP secretory capacity. Thus 
it raises questions about the significance of the age-related 
decline in urinary AVP that we and others (6) have observed 
in patients with adFNDI. Nevertheless, the measurement of 
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Fig. 5. RIA measurements of AVP immunoreactivity (irAVP) se- 
creted into the cell medium for 24 h. The immunoreactivity is ex- 
pressed as picograms of irAVP per jug cell protein/24 h. The data 
represent the mean ± SD from six wells and demonstrate that cells 
transfected with the wild-type cDNA secreted irAVP at an 8-fold 
higher level than cells transfected with mutant cDNA. 

the AVP/creatinine ratio in spot urine samples appears to be 
a relatively good predictor of AVP deficiency, at least in 
severely affected patients. As such, it seems worthy of further 
investigation as an alternative to measurement of plasma 
AVP during osmotic stimulation. 

Expression of the Ala(-l)Thr mutation in a neurogenic 
cell line with a secretory apparatus capable of processing the 
wild-type AVP-NPII gene through the regulated pathway 
(45, 46) provides further evidence that the mutation impairs 
the production of AVP by interfering with cleavage of the 
signal peptide from the preprohormone and its trafficking 
from the ER to the secretory vesicles. Thus, compared to 
Neuro2A cells transiently transfected with the wild-type 
AVP-NPII cDNA, cells transfected with the Ala(-l)Thr mu- 
tant cDNA produced about 8-fold less immunoreactive AVP, 
accumulated a NPH^ontaining protein that had electro- 
phoretic properties indistinguishable from those of un- 
cleaved prepro- AVP-NPII, and remained associated with the 
endoplasmic reticulum. 

In the only strictly comparable study published to date, Ito 
et al. (32) also found that the Ala(-l)Thr mutation impaired 
AVP secretion by Neuro2A cells. The degree of impairment 
was about the same as that with two other mutations 
(Gly^Ser and Cys 67 stop), but appeared to be less than that 
with another (SGlu 47 ) that was also associated with adFNDL 
Robertson et al. also reported that Neuro2A cells transiently 
or stably transfected with the Ala(-l)Thr mutant produced 
10- to 100-fold less immunoreactive AVP and died sooner 
after differentiation to postmitotic neurons than cells simi- 
larly transfected with cDNA lacking this mutation (47, 48). 
Although the human AVP-NPII cDNA used in these studies 
was found later to deviate from the standard sequence at a 
locus in exon 3 (see Materials and Methods), the relative de- 
ficiencies in AVP production and viability associated with 
the Ala(-l)Thr mutation are also relevant here because the 
deviation in exon 3 was also present in the wild-type cDNA, 
was located in an unconsented coding region of the gene, and 
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Fig. 6. Western blotting of NPII protein in the cell lysates transiently 
transfected with vector alone (Ve) or wild-type (WT) or mutant (M) 
cDNA. In both the undifferentiated and differentiated Neuro2A cells, 
the mutant NPII protein was larger than the wild-type signal, indi- 
cating impaired cleavage of the signal peptide. The cells were differ- 
entiated to neuronal cells by growth for 24 h in serum-free medium. 

has not been reported to affect AVP production in any 
system. 

There are several possible mechanisms by which the 
Ala(-l)Thr mutation could cause the observed abnormali- 
ties in vasopressin production, precursor processing, and 
cellular trafficking. Theoretically, the Ala(-l)Thr mutation 
could either impair cleavage of the signal peptide or misdi- 
rect cleavage to an alternate site one or more residues up- 
stream (17, 49, 50). Misdirected cleavage of the signal peptide 
was not observed in this or another study (32) that used 
pulse-chase techniques, and Western blotting in the present 
study also revealed only one abnormal band of approxi- 
mately 23 kDa, consistent with uncleaved glycosylated pre- 
pro-AVP-NPII. Whether the lack of the 21-kDa band should 
be taken as evidence for a complete inhibition of SP cleavage 
in the mutant is not clear, as it can be argued that any 
correctly cleaved fraction of the prohormone would be fur- 
ther processed into the regulated pathway and thus would 
not show up on a Western blot of cell lysate. In any case, 
failure to remove all of the signal peptide from the N-ter- 
minus of the AVP moiety is likely to hinder its insertion in 
the AVP-binding pocket in neurophysin, a process that is 
necessary for normal folding and dimerization of the pro- 
hormone (51). 

The present study also confirms that, in contrast to the 
wild-type prepro- AVP-NPII, a substantial portion of the mu- 
tant precursor appears to be colocalized with the ER. Im- 
munostaining using confocal laser scanning microscopy 
clearly demonstrates that antibodies against the mutant pro- 
tein colocalize with those against the Grp78 protein that 
resides in the ER. In contrast, no colocalization was found 
using an antibody against a Golgi protein (data not shown). 
In contrast, antibodies against the wild-type protein did not 
colocalize to either the ER or Golgi, but were concentrated 
elsewhere in the cell body, especially in the cell processes. 
This finding agrees with the results of other studies (32, 33), 
which showed that this and other mutations associated with 
adFNDI seem to result in retention of the mutant precursor 
in the ER. In the study by Ito et al (32), however, NPII and 
ER protein were stained separately, and colocalization was 
judged by the localization of fluorescent material in the cell- 

Although the results of this in vitro study help to clarify 
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some of the cellular effects of this mutation, they do not 
demonstrate the mechanism of its dominant negative effect 
in vivo. Autopsy studies in a few patients with adFNDI have 
consistently shown atrophy of the posterior pituitary/ gliosis, 
and a paucity of magnocellular neurons in the supraoptic 
nucleus (7-10). These observations as well as the delayed 
onset of the AVP deficiency (6) suggest that the disease is due 
to postnatal degeneration of vasopressin-producing neurons 
in the neurohypophysis. This degeneration might occur be- 
cause the mutant precursor forms misfolded aggregates that 
accumulate in the ER and interfere with processing of other 
proteins essential for cell survival. Preliminary evidence for 
such a toxic effect has been obtained from other in vitro 
expression studies (32, 48). However, it is also possible that 
degeneration of neurosecretory neurons is an inconstant, 
late, or incidental event and that AVP production by the 
normal allele is impaired primarily because normal and mu- 
tant precursors interact to form heterodimers that also cannot 
be folded or processed properly and are, therefore, rapidly 
degraded. Moreover, neither mechanism for the dominant 
negative effect is completely sufficient to explain why the 
capacity to produce AVP appears to be normal for the first 
few years of life (6). Further investigation of these patients as 
well as of in vitro cell systems in which both normal and 
mutant cDNA are stably coexpressed may help to clarify 
these issues. 

Acknowledgments 

The authors thank Dorte R^nde, Jane Hagelskjaer Knudsen, and 
Kirsten Tender for skilled laboratory assistance. 

References 

1. Baylis PH, Robertson GL. 1981 Vasopressin function in familial cranial dia- 
betes insipidus. Postgrad Med J. 57:36 - 40. 

2. Kaplowitz PB, D'Ercole AJ, Robertson GL. 1982 Radioimmunoassay of va- 
sopressin in familial cental diabetes insipidus. J Pediarr. 100:76-81. 

3. Blackett PR, Seif SM, Altmiller DH, Robinson AG. 1983 Familial central 
diabetes insipidus: vasopressin and nicotine stimulated neurophysin defi- 
ciency with subnormal oxytocin and estrogen stimulated neurophysin. Am J 
Med Sci. 286:42-46. 

4. Pedersen EB, Lamm LU, Albertsen K, et al. 1985 Familial cranial diabetes 
insipidus: A report of five families. Genetic, diagnostic and therapeutic aspects. 
Q J Med. 57:883-896. 

5. Os I, Aakesson I, Enger E. 1985 Plasma vasopressin in hereditary cranial 
diabetes insipidus. Acta Med Scand. 217:429-434. 

6. McLeod JF, Kovacs U Gaskill MB, Rittig S, Bradley GS, Robertson GL. 1993 
Familial neurohypophyseal diabetes insipidus associated with a signal peptide 
mutation. J Clin. Endocrinol Metab. 77:599A-599G. 

7. Forssman H. 1945 On hereditary diabetes insipidus with special regard to a 
sex-linked form. Acta Med Scand. 159:1-196. 

8. Braverman LE, Mancini JP, McGoldrick DM. 1965 Hereditary diabetes in- 
sipidus: a case report with autopsy findings. Ann Intern Med. 63:503-508. 

9. Green ], Buchan G, Alvord JE, Swanson A. 1997 Hereditary and ideopathic 
types of diabetes insipidus. Brain. 90:707-714. 

10. Bergeron C, Kovacs K, Ezrin C, Mizzen C. 1991 Hereditary diabetes insipidus: 
an immunohistochemical study of the hypothalamus and pituitary gland. Acta 
Neuropathol Berl. 81:345-348. 

11. Ito M, Mori Y, Oiso Y, Saito H. 1991 A single base substitution in the coding 
region for neurophysin U associated with familial central diabetes insipidus. 
J Clin Invest. 87:725-728. 

11 Bahnsen U, Oosting P, Swaab DF, Nahke P, Richter D, Schmale H. 1992 A 
missense mutation in the vasopressin- neurophysin precursor gene cosegre- 
gates with human autosomal dominant neurohypophyseal diabetes insipidus. 
EMBO J. 11:19-23. 

13. Ito M, Oiso Y, Murase T, et al. 1993 Possible involvement of inefficient 
cleavage of preprovasopressin by signal peptidase as a cause for familial 
central diabetes insipidus. J Clin Invest. 91:2565-2571. 

14. Yuasa H, Ito M, Nagasaki H, et al. 1993 Clu-47, which forms a salt bndge 
between neurophysin-II and argirune vasopressin, is deleted in patients with 
familial central diabetes insipidus. J Clin Endocrinol Metab 77:600-604 



15. Repaske DR, Browning JE. 1994 A de novo mutation in the coding sequence 
for neurophysin-II (Pro"-' Leu) is associated with onset and transmission of 
autosomal dominant neurohypophyseal diabetes insipidus. ] Clin Endocrinol 
Metab. 79:421-427. 

16. Nagasaki H, Ito M, Yuasa H, et al. 1995 Two novel mutations in the coding 
region for neurophysin-II associated with familial central diabetes insipidus 
J Clin Endocrinol Metab. 80:1352-1356. 

17. Rittig S, Robertson GL, Siggaard C, et al. 19% Identification of 13 new 
mutations in the vasopressin-neurophysin II gene in 17 kindreds with familial 
autosomal dominant neurohypophyseal diabetes insipidus. Am J Hum Genet 
58107-117. 

18. Rauch F, Lenzner C, Nurnberg P, Frommel C, Vetter U. 1996 A novel mutation 
in the coding region for neurophysin-II is associated with autosomal dominant 
neurohypophyseal diabetes insipidus. Clin Endocrinol (Oxf)- 44:45-51. 

19 Ueta Y, Taniguchi S, Yoshida A, et al. 1996 A new type of familial central 
diabetes insipidus caused by a single base substitution in the neurophysin II 
coding region of the vasopressin gene. J Clin Endocrinol Metab. 81 1787-1790. 

20. Repaske DR, Summar ML, Krishnamani MR, et al. 1996 Recurrent mutations 
in the vasopressin-neurophysin II gene cause autosomal dominant neurohy- 
pophyseal diabetes insipidus. J Clin Endocrinol Metab. 81:2328-2334. 

21. Rutishauser J, Boni SM, Boni J, et al. 19% A novel point mutation in the 
translation initiation codon of the pre-pro-vasopressin-neurophysin II gene: 
cosegregation with morphological abnormalities and clinical symptoms in 
autosomal dominant neurohypophyseal diabetes insipidus. J Clin Endocrinol 
Metab. 81:192-198. 

22. Repaske DR, Medlej R, Gultekin EK, et al. 1997 Heterogeneity in clinical 
manifestation of autosomal dominant neurohypophyseal diabetes insipidus 
caused by a mutation encoding Ala-l->Val in the signal peptide of the arginine 
vasopressin/neurophysin II/copeptin precursor. ] Clin Endocrinol Metab. 
8251-56. 

23. Gagliardi PC, Bemasconi S, Repaske DR. 1997 Autosomal dorninant neu- 
rohypophyseal diabetes insipidus associated with a missense mutation en- 
coding Gly^-Wal in neurophysin II. J Clin Endocrinol Metab. 823643-3646. 

24. Calvo B, Bilbao JR, Urrutia I, Eizaguirre J, Gaztambide S, Castano L. 1998 
Identification of a novel nonsense mutation and a missense substitution in the 
vasopressin-neurophysin II gene in two Spanish kindreds with familial neu- 
rohypophyseal diabetes insipidus. J Clin Endocrinol Metab. 83:995-997. 

25. Heppner C, Kotzka J, Bullmann C, Krone W, Muller WD. 1998 Identification 
of mutations of the arginine vasopressin-neurophysin II gene in two kindreds 
with familial central diabetes insipidus, J Clin Endocrinol Metab. 83:693-696. 

26. Rittig S, Siggaard C, Ozata M, et al. 1997 Substitution of Tyr-2 of the anti- 
diuretic hormone is associated with familial neurohypophyseal diabetes in- 
sipidus [Abstract]. J Invest Med. 44:387A. 

27. Hansen L, Rittig S, Robertson GL 1997 Genetic basis of familial neurohy- 
pophyseal diabetes insipidus. Trends Endocrinol Metab. 8:363-372. 

28 Coking NQ, Chertow B, Robertson GL, Rittig S, Siggaard C, Pedersen EB. 
1997 Familial neurohypophyseal diabetes insipidus: a novel mutation pre- 
sentingwith enuresis [Abstract]. J Invest Med. 45:29 A. 

29. Mundshenk J, Rittig S, Hensen J, Lehnert H. 1998 A novel mutation in a 
coding region of the arginine vasopressin-neurophysin II (AVP-MPII) gene in 
a family with autosomal dominant neurohypophyseal diabetes insipidus [Ab- 
stract]. Exp Clin Endocrinol Diabetes. 106(Suppl):81. 

30. Grant FD, Ahmadi A, Hosley CM, Majzoub J A. 1998 Two novel mutations 
of the vasopressin gene associated with familial diabetes insipidus and iden- 
tification of an asymptomatic carrier infant. J Clin Endocrinol Metab. 
83 3958-3964. 

31 Sausville E, Carney D, Battey J. 1985 The human vasopressin gene is linked 
to the oxytocin gene and is selectively expressed in a cultured lung cancer cell 
line. ] Biol Chem. 260:10236-10241. 

32. Ito M, Jameson JL. 1997 Molecular basis of autosomal dominant neurohy- 
pophyseal diabetes insipidus. Cellular toxicity caused by the accumulation of 
mutant vasopressin precursors within the endoplasmic reticulum. J Clin In- 
vest 99:1897-1905. 

33. Olias G, Richter D, Schmale H. 19% Heterologous expression of human 
vasopressin-neurophysin precursors in a pituitary cell line: defective transport 
of a mutant protein from patients with familial diabetes insipidus DNA Cell 
Biol. 15:929 -935. 

34 Zerbe RL, Robertson GL, 1981 A comparison of plasma vasopressin mea- 
surements with a standard indirect test in the differential diagnosis of polyuria. 
N Engl J Med. 305:1539-1546. 

35. Pedersen EB, Danielsen H, Spencer ES. 1984 Effect of indapramide on renal 
plasma flow, glomerular filtration rate, and arginine vasopressin in plasma in 
essential hypertension. Eur J Clin Pharmacol. 26:543-547. 

36 Mohr E, Hillers M, Ivell R, Haulica I, Richter D. 1985 Expression of the 
vasopressin and oxytocin genes in human hypothalami. FEBS Lett, 193:12-16. 

37. Kuipers OP, Boot HJ, Vos WM. 1991 Improved site-directed mutagenesis 
method using PCR. Nucleic Acids Res. 19:4558. 

38. Graham FM, Eb AJ. 1973 A new technique for the assay of infectivity of human 
adenovirus 5 DN'A. Virology. 52:456 - 467. 

39. Jensen TG, Andresen BS, Bross P, et al. 1992 Expression of wild-type and 
mutant medium-chain acyl-CoA dehydrogenase (MCAD) cDNA in eucaryonc 
cells. Biochim Biophys Acta. 1180:65-72. 



STUDIES IN FAMILIAL NEUROHYPOPHYSEAL DIABETES INSIPIDUS 



42 E M R p^CeT C - temUnal ^ >™ - I 

Int. 2US U ppl)-^0-S92 ' eXCKb ° n - ind ^ » Kidney 

and oxyt.xin ^a.h.tn.^ffi r ^IT^ 



2941 

47 Robtrtson GL, Riiti. s, Gu W rt al P„k 

YoshidaS.eds. Neurohypophysis recent nrn™ , ' Kurokawa *, 

research. Amsterdam: EUevier; 59 P ^ «* v ^^»d oxytocin 

48. Robertson GL, Gu W, Gaskill MB etil i<**a 

(VPNP) mutahon linked to fam ^ k A ^^P^^urophysin gene 
(FNDO impairs the il ^XW ^ 7""^ 
transfected neuroblastoma 2A (N2A) cSThl V ' " 

49. Fikes JD, Barkocy-Calla«h« C ^J**™^ ' Med. 44:266A. 
ration of 2^^ ,PPW DG ' l B *" f °' d J r 1- 1997 Maru- 
J Biol Chem. 265341^ ' 8 Pr ° tem ^ ^ 1 » <™>- 

" ^an^te™!^ 

J Bioi Chem. 266:1326-1334 P ^ "P" 1 "W regions. 

145-157. Kot «rtson GL, eds. Vasopressin. Paris: Ubbey Eurotext; 



Exhibit 35 



ACTA GENETICA SINICA Vol. 21, No. 3 



CONTENTS 



Study on Genetic Epidemiology of Albinism Gong Yaoqin, 

Shao Changshun, Zheng Hong, Chen Bingxi and Guo Yishou (172) 

Study on Polymorphism of Ribosomal RNA Gene in Chinese Hans and 

Yis Yuan 

Saying, Jiang Weihong, Lu Yan, Fei Hongming and Chen Renbiao (178) 

Invasion of Drosophila albomicans into Shanghai and Areas Nearby and 

a Study on its Mitochondrial DNA Polymorphism 

Chen Weijing, Zhang Jianzhi, Ceng Zhencheng and Zhu Dingliang (187) 

Chromosome Abnormality and Dominant Lethality among the F l Generation 

of Mice after 7-ray Irradiation Yao Suyan, 

Zhang Chaoyang, Dai Lianlian, Gao Changwen and Wei Luxin (192) 

Estimation of Evolutionary Distances Between Protein Sequences 

Yang Zikeng (200) 

A Cytological Observation on the Pollen Abortion in the Bilinear Nuclear 

Sterile Strain of the New-type Uplandrice Kunzhi S-l 

Wu Shibin, Sun Youming, Zhou Kaiyuan and Wan Jianhui (204) 

Construction of a Rice Molecular Linkage Map Using a Double Hploid 

(DH) Population 

Xu Jichen, Zhu Lihuang, Chen Ying, Lu Chaofu and Cai Hongwei (214) 

Improvement of Plant Regeneration frequency in vitro In Indica Rice 

Tian Wenzhong, Iann 

Ranee, Elunialai Sivamani, Claude Fauquet and Roger N. Beachy (221) 

Effect of Genomes on the Mesophyll Protoplast Culture and Plant Regene- 
ration of Brassica Li Shijun, Meng Zheng and Li Debao (226) 

Effect of the Changes of Amino Acids on Both Signal Peptide C-Terminal 
and Mature Protein N-Terminal Region to the Secretion of ce-Amylase 

in B, subtilis J* Yonggang, Yang 

Lizhu, Chen Qimin, Ma Ming, Geng Yunqi and Jiang Ruzhang (234) 

Construction of Secretion Vectors Using Signal Sequence of Bacillus 

subtilis Alkaline Protease E Gene 

Liu Yongliang and Tong Kezhong (246) 



jft ft ^ ffil, 21 ( 3): 227-23-1, 19<M 
Acta Genetica Sinica 



frjtffl #M 

(£JF*¥£¥jI§W£t 55* 300071) 

J*H #£*Jffl pAmy 4 13 Mfta&g£&£ft;fc> 4 "-SS&SSSHft 287 ft 291 {fc#J3ff 
§!A 1 tGftC, f^#S*«]TfnG, fcjtftjgft P Amy413B, ft ft & & N-jjg 
'Leu'Met 'ArgMle 0 P Amy413L a-£ift$j{s^Jf ?iJS3| A 1 t^SS^SM fcfcpAmy 

413 ft 29 tS^^iitoT 13 t^S&> $J&7 1 ^frftlf^&fcSS I TRglJfif 0 Ala-Gla-Alt' 

( P Amy413) ft 3% ft 36% ; BS^ «-ffi»»W^ : FaH : f SF4ft;*Jft^#fffi*,]S»il*- 

-rs&s^ Au, mm^ikm i ssf^awsjarp al-al-ai»«al itmio 



#£&£Eg£lfc7 B. lichcniformu w , g&»^«E?jig tl,, 0 

£&»^Jfe&^g*& 29^-SS^£Mois^ra&tl^*J®P^ Ala-Ala-Ala* 
Ala 0 #£&jfc#tf#,#Ji3fi£ DNA S^g^«,TOTis^StC-a^g^ 

i 

So ^0.5%oJ^tt^^LB@#:^^Sffl^«-»SSft¥SMo SMMP ft DM3 

b. subtuis m£m&#tt.o 2 x yt %ftM [iii %=Fmm&rmo 

1.2 SS&ftflJ 

M8£, T4DNA ggg§, T4DNA Klenow gg, Mung Bean ftg 

SMJBli New England Biolabs WBEW^gMo IPTG fa X-gal jfti 



228 



it 



21 $ 



Strain, 

plasmid and phage 
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Jpj& Plasraids 
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| Shows the recognition and cleavage site of signal peptidase I 
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Fig. 4 Growth and enzyme activity curves of 
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Effect of the Changes of Amino Acids on Both 
Signal Peptide C-Terminal and Mature 
Protein N-Terminal Region to the 
Secretion of a -Amylase in 
B. subtilis® 

Ji Yonggang Yang Lizhu Chen Qimin 

Ma Ming Geng Yunqi Jiang Ruzhang 

{Lab. for Biotechnology, NanJ(ai Univ., Tiatijin 30OO71) 

Abstract 

By site-directed mutagenesis, G and C have taken the place of T and G at nu- 
cleotide sequence 287 and 291 of B. lichcniformis a-amylase gene to generate pAm- 
y413B and the N-terminal sequence of mature protein have been changed from 7 Leu 
"Met to 7 Arg s lle. By the insertion of polylinker into the C-terminal of the signal 
sequence of a-amylase gene of pAmy413, the signal peptide of a-amyla se produced 
by pAmy413L is 13 amino acids more than the pAmy413 (which is 29 amino acids 
long) and also, a new recognition cleavage sequence for signal peptidase 1 (Ala-Gin- 
Ala'Ser) is created; The secondary structure of the signal peptide has been analyzed 
by computer programs. The a-amylase relative activity of the two mutant strains is 
3% and 36% of pAmy413, respectively. The molecular weight of extracellular a- 
amylase is the same as pAmy413. Terminal analysis shows that the N-terminal amino 
acid of mature protein is Ala, not Ser, and suggests that SPase I prefers to cleavage 
at the wild type recognition site (Ala-Ala-Ala*Ala). Therefore, all of the above 
results show that the secretion of a-amylase in B. subtilis is in accordance with the 
co-translational transportation model. 

Key words a-amylase, Signal peptide, Site-directed mutagenesis, Protein secretion, 
Co-translational transfer 
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A vv,de range (69) of mutant Escherichia coli alkaline phosphatases with 
singje ammo acid substitutions at positions from -5 to^lof S siS 
pephde were obtained for studying protein processing as a funrtiof o 
the primary structure of the cleavag! regkm. Amber suppressoSaeen 

imental support for the » - 3, -1 rule". Only Ala, Gly and Ser at poXn 
-1 allowed protem processing, and Ala provided the Wehesfra e of 
««n* The results revealed the more S^^^ZtJZl^ 
acids at the -1 position of signal peptides of Gram-negative bacteria as 
compared with those of eukaryotic organisms. Petition -3 was lei reeu 
lar, since not only Ala, Ser and Gly, but also Leu and CvTat Ss T 
ition, allowed the processing. Mutations at posMon -4 had^an" 

mi ddVs ?d resid^ Vt S^lJSftS E^iT^ 

an? TJonfol 6 J* °' T™ ™«™ *<* only % poTtionL 

and -3. Conformahon analysis of the cleavaee site taken tncrpfW ™^ 

me 5 to -1 region in the signal peptidase binding pocket. 
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Introduction 

Most bacterial secretory proteins are synthesized 
in the cytoplasm as protein precursors containing 
an additional N-terminal sequence called the signal 
pephde, which plays a crucial role in protein rec- 
ognition of the cell secretory machinery and in 
initiation of protein membrane translocation (for 
review see Pugsley, 1993; Izard & Kendall, 1994) 
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After translocation, the signal peptide is cleaved by 
a membrane-bound signal peptidase, and the pre- 
cursors are converted into mature proteins. It is 
known that the sites of signal peptide cleavage by 
leader peptidase are rather regular and described 
by the -3, -1 rule (von Heijne, 1983) or A-X-B 
model (Perlman & Halvorson, 1983) originally 
revealed by statistical evaluation of the known pri- 
mary structures of signal peptides. In agreement 
with this rule, only small neutral residues are pre- 
sent at positions -3 and -1. Such structural regu- 
larity in the -3, -1 region is considered to be 
necessary for recognition of the signal peptide clea- 
vage site by leader peptidase but inessential for 
protein translocation across the cytoplasmic mem- 
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JTZfr 199 ° ; P0llitt et nL ' I98& ; Shen 
etui, 1991). In support of this rule it was shown 

that ammo acid substitutions at the above positions 

ot precursors of lipoprotein (Pollitt et al 1986) 

fSPc^ pr ,° C ° at pr0tein (Kuhn & Wickner,' 
' 5; ,J n e t' ] ? 91) ' and maltose-binding pro 
lein (Fikes & Bassford, 1987; Fikes et al 1990) 
resulted in prevention of the processing. We have 
also shown that the substitution of Val for Ala(-l) 
m the signal peptide of alkaline phosphatase com- 
pletely inhib.ts the processing of this mutant pro- 
tein (Kara my shev et al., 1994b; Nesmeyanova el \ al.. 

At the same time, the effect of some amino acid 
substitutions at position -3 on the processing may 
vary from protein to protein. Indeed, mutan? mal- 
tose-binding proteins with Leu, Thr or Val at pos- 
iQQm " \T r t P rocessed efficiently (Fikes et al., 
1990), while the processing of the mutant phage 
M13 procoat protein with the same substitutions 
was significantly slower (particularly in the pro- 
tens with Leu(-3) or Thr(-3) (Shen et al, 1991) 
Besides, Pro(-3) of the procoat M13 leads to a 
complete processing block but exerts no effect on 
the processing of the maltose-binding protein. Con- 
cerning the occurrence of amino acid residues at 
positions from -6 to -4, Pro and Gly particularly 
are often found in this boundary region between 
the hydrophobic core and c-region of the signal 
peptide (Perlman & Halvorson, 1983; von Heiine, 
1986a). However, the role of these residues is still 
obscure. The frequent occurrence of these residues 
in the fj-turns of water-soluble globular proteins 
(Chou & Fasman, 1978) resulted in a widely 
accepted opinion that these residues promote the 
formation of a fj-turn in the sienal Denudes as w<A\ 
(Rosenblatt et al, 1980; Perlman & Halvorson, 
1983). Pro(-6) of the M13 procoat protein was 
shown to be absolutely essential for the processing, 
and its replacement by many other amino acid resi- 
dues resulted in a complete impairment of the sig- 
nal peptide cleavage (Shen et al, 1991). 
Mutagenesis studies of the maltose-binding protein 
showed that a decrease of the processing efficiency 
in mutant proteins correlated with a low prob- 
ability of fj-turn formation (Barkocy-Gallagher et al, 
1994). At the same time, a study of the processing 
of alkaline phosphatases with a mutated signal 
peptide lacking proline and containing only helix- 
fostering residues (Leu or Ala) showed an efficient 
processing of mutant proteins (Laforet & Kendall, 
1991). The authors of the latter work suggest that 
the hydrophobicity of amino acid residues is more 
important for processing than the possibility of |3- 
turn formation. However, Shen et al. (1991) failed 
to find a correlation between the processing and 
hydrophobicity: neither Ala, Gly nor Trp, having 
hydrophobicity similar to Pro, could be functional 
substitutes for it at position -6 of the M13 procoat 
protein (Shen et al, 1991). Moreover, the substi- 
tution of Gin, which is more polar than Pro at pos- 
ition -6, slowed down the processing. Thus, the 
current experimental data are insufficient for com- 



plete understanding of the structural basis of signal 
peptide recognition by signal peptidase: the tota 

Z I ' f I 15 wknow ^ ^ ^ unclear whether 
he nature of the amino acid residues is impor an 
for the processing at both positions -3, -1 and a 
nearby positions. ' ana at 

caJ^hf 031 ,^ W ° rk WaS t0 stud Y systemati- 
ca^ the role of the primary structure in and near 

£ cKL P r Ptlde K dea r age Site » * e Processing" 
E.coh a^aline phosphatase. The objectives were- 

amino acd substitutions at positions -5, -4 -3 

„Z 3 ,o? +1 ° f ** alkaIine Phosphatase signal' 
peptide; (2) to study the effect of the above subsH 
£ ions on protein processing; (3) to try to "efine 
the mteraction of the signal peptide c-region with 
the bmding pocket of signal peptidase, on the baS 

and usin * a 

Results 

Introduction of amino acid substitutions into 
the processing region of E. co// alkaline 
phosphatase using amber suppressor tRNAs 

Mutant alkaline phosphatases were obtained by 
i) introduction of amber mutations into the alka- 
hne phosphatase (phoA) gene and (ii) expression of 
these mutant phoA alleles in £. coli strains produ- 
cing amber suppressor tRNAs that are able to 
insert an amino acid of interest in response to 
amber mutation (Figure 1). In these experiments 
L3 different amber-suppressor tRNAs specific to 
Ala, Arg, Cys, Gin, Glu, Gly, His, Leu, Lys, Phe, 

r- r °' f? T and Tyr Cdn De useci ' becaus e, at least in 
E. coh , the other seven amber suppressor tRNAs 
(Asp, Asn, lie, Met, Thr, Trp, Val) do not retain 
their initial amino acid specificity due to substi- 
mO) 3 ™ antiC ° don sec i uences (Normanly et al, 

Six amber mutations were independently intro- 
duced by site-directed mutagenesis into certain 
positions of the phoA gene corresponding to the 
codons of the amino acid residues Arg(-fl) 
Ala(-l), Lys(-2), Tyr(-3), Val(-4) and Pro(-5) 
in the signal peptide cleavage region of the pro- 
tein. The mutant alleles of phoA were cloned in 
the plasmid vector pl5SK(-) which bears a chlor- 
amphenicol resistance marker and the pl5A ori of 
replication, allowing its use in a two-plasmid sys- 
tem in combination with plasmids having the 
ColEl ori of replication, which carry cloned genes 
of amber-suppressor tRNAs. Both natural (with a 
chromosomal localization) and synthetic (cloned 
in the plasmid vector pGFIBl under the control 
of constitutive Ipp promoter) amber suppressor 
tRNA genes were used in this study. Expression 
of each of the above six mutant phoA alleles in 
12 E. coli amber suppressor strains resulted in 69 
different mutant PhoAs (the other three syn- 
thesized proteins were the same as wiJd-tvpe 
PhoA). J K 
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Figure 1. Schematic illustration of 
the introduction of amino acid sub- 
stitutions into alkaline phosphatase 
by amber-suppressor tRNAs (A) 
and location of amber codons in 
the phoA gene (B). Mutant alka- 
line phosphatases are presented 
as helices with designation of 
the introduced amino acid 
substitutions. 



Study of the processing of mutant 
alkaline phosphatases 

The effect of amino acid substitutions on protein 
maturation was assessed by the rate of conversion 
of pulse-labeled mutant protein precursors into the 
mature form in vivo (Figure 2). Amino acid resi- 
dues at positions —3 and -1 were revealed to be 
highly conserved (Figures 2 and 3). Most amino 
acid substitutions at these positions resulted in a 
processing block. The mutant proteins with 
Phe(-l), Tyr(-l), Glu(-l), Lys(-l), Leu(-l), 
Gln(— 1) and His(— 1) remained as precursors even 
60 minutes after [ 35 S]methionine incorporation was 
stopped. Of those that were processed, the proteins 
with Cys(-l) and Pro(-l) were processed with the 
lowest efficiency: only 29% and 11%, of the precur- 
sors respectively were converted into the mature 
form. The least effect on the processing was shown 
with Gly (-1) and Ser(-l), although the proteins 
having these amino acids were processed at a 
lower rate than the wild-type protein. Thus, 
among 12 amino acid substitutions analyzed 
Ala(-l) provided the highest rate of processing. 
Gly(-l) and Ser(-l) also allowed processing but 
at a lower rate. Position -3 is less conserved. Pro- 



cessing was allowed not only with Ala, Ser, and 
Gly but also with Leu and Cys at this position. 

Positions +1 and -2 were still less conserved. 
Only the introduction of Pro(-hl) completely inhib- 
ited the processing. Pro(-2) allowed processing 
but at the lowest rate. It would be interesting to 
note that a certain amount of the protein with 
Cys(-hl) or Cys(-2) remained unprocessed during 
the period of observation, although the processing 
of a considerable part of it proceeded rather 
quickly. Efficient processing was provided mainly 
by large amino acid residues (Phe, Tyr, Leu, His) 
at position -2. As to the -4 position, most amino 
acid substitutions at this position had no effect on 
the rate of protein maturation. Only Lys(— 4) was 
shown to affect the processing. Position -5, how- 
ever, appeared to be important for processing. 
Many amino acids at this position, such as Lys, 
Tyr, Leu, Ala, His, Phe and Gly, appreciably 
decreased the processing rate, although none of 
these amino acids completely blocked the proces- 
sing. The data show that the primary structure of 
the cleavage region ranging from the -5 to +1 resi- 
dues is important for the efficient processing of 
alkaline phosphatase. 
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Figure 2. The dynamics of processing of mutant alkaline phosphatases with amino add substitutions in and near the 
signal peptide cleavage site. Cells were pulse-labeled with L-[ 35 S]methionme for 60 seconds, and the radioactivity was 
chased for indicated periods of rime. Pulse-labeled alkaline phosphatase and its precursor were immunoprecipitated 
using affinity-purified rabbit antibodies against alkaline phosphatase and resolved by 10% SDS-PAGE followed by 
autoradiography. 



Rationale for the processing impairment of 
mutant alkaline phosphatases 



translocation across the membrane, which makes 
the precursor inaccessible for signal peptidase; and 
(2) direct Inhibition of signal peptide cleavage due 
The processing impairment may be explained by to a disturbance of the structure of the protein that 
two possible mechanisms: (1) a block of preprotem acts as a substrate for signal peptidase. Here, the 
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Figure 3. Summary of the quantitative analysis of alka- 
line phosphatase processing as a function of amino acid 
substitutions in the signal peptide cleavage region. Rela- 
tive quantities of mature alkaline phosphatase from the 
total amount of the mature protein and its precursor are 
presented. Amino acid substitutions and their positions 
in the protein are indicated. Proteins with Ala(-l), 
Lys(-2) and Pro(-5) correspond to wild-type alkaline 
phosphatase and were obtained using the corresponding 
amber suppressor. The relative quantity of mature 
enzyme, with adjustments of additional methionine resi- 
due in the precursor, was calculated for 0.1 (open bars), 
1.0 (left hatched bars), 5.0 (right hatched bars) and 60.0 
(filled bars) rninutes of processing time. Quantitation of 
proteins was performed using an LKB UltroScan laser 
densitometer. The total amount of the mature alkaline 
phosphatase and its precursor was set to 100% for each 
point of the processing time. 



— II 
^III 



Figure 4. Multiple forms of wild-type and mutant alka- 
line phosphatases. Samples were analyzed by electro- 
phoresis (7.5% PAGE) under non-denaturing conditions, 
and the active enzyme was revealed by treatment of the 
gel with ot-naphthyl phosphate as the alkaline phospha- 
tase substrate and Fast Red Dye TR. Isoforms of wild- 
type alkaline phosphatase (I, II, EH), multimer forms (m), 
and active precursor (p) are indicated. 



above mechanisms were differentiated by the anal- 
ysis of multiple forms of active enzyme. It is 
known that alkaline phosphatase becomes active 
only after translocation across the cytoplasmic 
membrane into the periplasm, where there exist 
necessary conditions for the formation of intra- 
chain disulfide bonds and dimerization of subunits 
(Michaelis et ai, 1983; Hoffman & Wright, 1985; 
Manoil & Beckwith, 1985). The periplasmic enzyme 
is active regardless of whether it is transformed 
into the mature form or remains as translocated 
precursor with uncleaved signal peptide due to 
mutation. The precursor that is not translocated 
and therefore stays in the cytoplasm has no such 
activity (Boyd et ai, 1987). Enzymatic activities of 
the mature protein and the translocated precursor 
can be individually estimated directly in the geJ 
after non-denaturing electrophoresis and gel stain- 
ing, since mature protein isoforms and the translo- 
cated precursor have different electrophoretic 
mobilities. Mature phosphatase is known to be 
found under these conditions as isoforms I, II and 
ILT (Nesmeyanova et ai ,1981), resulting from pro- 
teolytic modification (Nakata et ai, 1987), and mul- 
timer forms (m; Figure 4), whereas the translocated 
precursor with uncleaved signal peptide is found 
at the top of the gel (p; Figure 4), in forms 
probably resulting from protein aggregation due 
to the presence of hydrophobic signal peptide 
(Karamyshev et ai, 1994b; Nesmeyanova et ai, 
1994). It should be noted that non-translocated 
alkaline phosphatase precursor under the above 
conditions is not revealed due to the lack of enzy- 
matic activity. The above properties of alkaline 
phosphatase allowed us in the present study to use 
the analysis of multiple molecular enzyme forms 
for elucidation of cell localization of mutated phos- 
phatase precursors. Unprocessed mutant protein 
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with the substitution of Val for Ala(-l) was used 
as control (Figure 4); its enzymatic activity, translo- 
cation across the cytoplasmic membrane and peri- 
plasmic localization were shown previously using 
subcellular fractionation (Karamyshev et ai, 1994b; 
Nesmeyanova et ai, 1994). A completely non-trans- 
located precursor due to impairment of the hydro- 
phobic core (Michaelis et ai, 1986), e.g. protein 
with the substitution of Glu for Ala(-13) / was 
used as another control. No active enzyme forms 
were found in this case (Figure 4). Analysis of 
mutant proteins obtained in this study showed 
that all proteins displaying a complete block of 
processing in pulse-chase experiments; for example 
those containing Pro(-hl), Phe(-l), and Leu(-l) 
(Figures 2 and 3), were found by non-denaturing 
electrophoresis (Figure 4) at the top of the gel, in 
forms that are characteristic of the translocated pre- 
cursors possessing enzyme activity. The electro- 
phoretic pattern of these proteins is the same as 
that observed for the control unprocessed protein 
with Val(-l) (Figure 4). Mutant alkaline phospha- 
tases with a slowing down of the processing rate, 
whose precursors were found even 60 minutes 
after pulse labeling (see Figures 2 and 3), contain 
both isoforms of the mature protein and forms of 
the translocated precursor (Cys(+1), Pro(-l), 
Cys(-l), Ala(-2), Pro(-2), Cys(-2), Phe(-5), 
Lys(— 5), Tyr(-5), Figure 4). This also indicates that 
the unprocessed precursor is translocated across 
the cytoplasmic membrane. However, in some 
cases, e.g. in protein with Lys(— 5), the relative con- 
tent of active precursor is lower than could be 
expected, on the basis of the results of pulse label- 
ing (Figure 3). It is quite probable that not only 
processing but also translocation of this protein is 
disturbed. Interestingly, protein with Phe(-5) 
showed a much greater amount of active precursor 
than could be expected from the results of pulse 



labeling. Probably, such unprocessed precursor can 
be accumulated in the cells during cultivation. In 
the case of mutant proteins whose precursors are 
slowly but completely turned into the mature form 
(Figure 3), only mature phosphatase isoforms were 
found, as expected. As an example, Figure 4 shows 
multiple molecular enzyme forms of the mutant 
protein with Ala(-5). 

On the basis of data obtained, the impairment of 
processing of most mutant proteins could be con- 
ditioned by the effect of amino acid substitutions 
on signal peptide cleavage by leader peptidase due 
to changes in the structure of protein as a substrate 
for this enzyme. 



Discussion 

£. coli alkaline phosphatase is a typical secreted 
protein with a canonical signal peptide (Inouye 
et ai, 1982). Amber-suppressor mutagenesis used 
in this study allowed us to obtain a wide range of 
mutant alkaline phosphatases with amino acid 
substitutions in the signal peptide cleavage site 
and to screen their effect on the processing. In 
order to understand the impact of these mutations, 
we also analyzed the distribution of residues in the 
cleavage region of 151 proteins from Gram-nega- 
tive bacteria (Table 1). The results obtained give 
new experimental confirmation of the -3, -1 rule 
revealed earlier by statistical evaluation of the 
known primary structures of signal peptides (von 
Heijne, 19S3a,b, 1986a; Perlman & Halvorson, 
1983). It is quite obvious that the interaction of sig- 
nal peptidase and the cleavage site of the alkaline 
phosphatase signal peptide proceeds most effi- 
ciently in the presence of Ala at position -1. It is 
this amino acid that is found at the signal peptide 
C terminus in most secreted proteins of Gram- 



Table 1. Amino acid count for 151 known cleavage sites of proteins from Gram-negative bacteria 



Amino 
acid 


-6 


-5 


Count of amino add residues 
-4 -3 


in position 
-2 


-1 


+1 


Ala 


46 


25 


27 


99 


12 


139 


64 


Arg 


0 


1 


1 


1 


0 


0 


2 


Asn 


4 


5 


7 


0 


9 


0 


4 


Asp 


0 


0 


0 


1 


1 


0 


14 


Cys 


5 


1 


0 


1 


0 


0 


3 


Gin 


1 


9 


6 


2 


15 


0 


11 


Glu 


0 


1 


1 


0 


0 


0 


18 


Gly 


5 


17 


15 


0 


0 


8 




His 


0 


4 


2 


0 


17 


0 


1 


lie 


3 


2 


1 


2 


2 


0 


0 


Leu 


5 


13 


7 


5 


24 


0 


3 


Lys 


0 


0 


1 


0 


1 


0 


8 


Met 


5 


i 


3 


1 


11 


0 


0 


Phe 


5 


8 


5 


1 


21 


0 


0 


Pro 


7 


10 


20 


1 


0 


0 


0 


Ser 


50 


24 


35 


14 


9 


4 


5 


Thr 


13 


23 


11 


5 


8 


0 


6 


Trp 


0 


1 


0 


0 


5 


0 


0 


Tyr 


0 


1 


2 


1 


11 


0 


-> 


Val 


-> 


4 




17 


5 


0 


3 



' The collection of proteins was extracted as described in Materials and Methods 
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negative bacteria (Table 1), which is in agreement 
with a complete block of the processing resulting 
from most substitutions of this ammo acid The 
data obtained also give the first evidence of a high- 
er conservation of amino add residues at position 
-1 of signal peptides of Gram-negative bacteria as 
compared with that of eukaryotic signal peptides 
(Folz el al 1988). Gin and Cys found at Ls pos- 
ition of eukaryotic signal peptides (Nielsen et al, 
1997) appreciably (or completely) inhibited proces- 
sing when in the same position in alkaline phos- 
phatase. The specificity of signal peptidase of 
(.ram-negative bacteria at position -1 seems to be 
as narrow as that of the thylakoid processing pep- 
tidase (Dalbey & von Heijne, 1992). The exper- 
imentally revealed lower regularity of position -3 
is in accord with the fact that Val, Ser and other 
amino acid residues are found at this position as 
well as the most frequent, Ala. Moreover, the resi- 
dues banned by the -3, -1 rule, such as Phe, Tvr 
Arg, Asp and Pro, are occasionally found at this 
position in Gram-negative bacteria. ' 

Position +1, which is also a constituent of the 
cleavage site, is not so conserved. It is known that 
all 20 amino acids are found at this position in the 
fn^T 1 * ° f eukarv °hc secreted proteins (Watson, 
1984 ; however, Trp, lie, Phe, Met and Pro were 
not found at position +1 of secreted proteins of 
Gram-negative bacteria and Cys was found at this 
position only in lipoproteins (Watson, 1984- von 
Heijne, 1986a). Our results show that only the 
introduction of Pro instead of Arg(+1) prevents 
signal peptide cleavage, which agrees with the 
data on the processing of the M13 procoat protein 
Shen et al 1991) and the maltose-binding protein 
(Barkocy-Gallagher & Bassford, 1992) The lat'er 
work showed that the mechanism of inWbition of 
*e processing of the maltose-binding protein with 
lro(+l) differs from that initiated by amino acid 
substitutions at positions -3 and -1 of the signal 
peptide. If in the latter case the mutations disturb 
recognition of the cleavage site by signal peptidase, 
the presence of Pro(+l) transforms such a protein 
into an uncleavable substrate for leader peptidase 
but does not disturb the recognition of the mutant 
protein by signal peptidase. The above mutant pro- 
tein acts as a competitive inhibitor of leader pepti- 
dase, which results in the accumulation of a 
number of secreted preproteins in the cells It is 
quite probable that the mechanism of inhibition of 
the processing of the mutant alkaline phosphatase 
with Pro(+l) is similar to the one described above 
We also revealed that the introduction of Cys 
into position +1 results in impairment of the pro- 
cessing of a certain pool of precursor molecules: 
while most molecules of the precursor are rapidlv 
processed already after six seconds, the rest of 
them remain unprocessed even after one hour. 
A similar effect was observed in proteins with 
Cys(-2) and Cys(-l). These data point to the fact 
that a certain number of precursor molecules of the 
above mutant proteins are impervious to attack by 
signal peptidase. It is quite probable that some pro- 



tein modification, e.g. the formation of disulfide 

cation oT K P ? t6m m ° leCuIes or ^odifi- 

resuT ,n ^'f ^ CyS 33 m ^P^ins, may 
Son ™h C rt te P rocessm S- Such a modifi- 
cation probably does not affect Cys residues at 
position -3, -4 or -5, and the appropriate mu an 

sCeTt m r ffici ^ 

suggest that amino acid residues in the signal pep- 
tide cleavage site up to -2 are exposed to the peri- 
plasm, while the other part of the signal peptide * 
screened by the membrane. PF 
Furthermore, the present study shows that rec- 

of the ammo acid residues not only at positions -3 
and -1 but also to a lesser extent at positions -2 

Tnus" a '7 th6,r 5126 b6in S ° f ke y ^Portance. 
Thus, a decrease in processing was found only in 
the presence of small amino acid residues (Civ Ala 
and Cys) at position -2. This is in line wi& the 

aZT f fetiCal , eValuati0n ^ von H ^jne 
1986a and our analysis (Table 1). At the same 

time ,t is worth mentioning that although Ala 
occurs fairly frequently at position -2, its presence 
at this position in alkaline phosphatase partially 
decreases the processing rate. Tne explanation of 
Uie decline m processing rate may be in the poten- 
hal precognition of Gly and Ala at position -2 
by the pephdase pockets predestined for the -1 
and -3 residues The effect of Cys may have 
another reason, which is described above 

Among 12 residues, substituting for Pro at pos- 
ition -5, Lys Tyr, Leu, Ala and Phe decreased the 
efficiency of the processing. The effect of Gly and 
His was less significant, and Gin, GIu, Cys and Ser 
had no effect. Interestingly, our statistical analysis 
snows mat despite the observed inhibiting effect of 

S ' ? yt ' u AIa and ^ at P° sition -5 of the 
alkaline phosphatase precursor (Figure 3), these 
res.dues are found at this position in other known 
signal sequences. A more detailed analysis of the 
known cleavage sites revealed that the presence of 
the bulky residues Phe, Leu and Tyr might be con- 
nected with the context of the cleavage site For 
example, we found that the bulky residues (Trp, 
Tyr, Phe, Met and Leu) at position -5 occur moTe 
frequently when the cleavage site has Gly(-l) or 
Val(-3) (11% of cleavage sites have Val at the -3 
position, but with a bulky residue at position -5, 
Val is found in 28% of sequences; in the case of 
Gly(-l) these values are 5% and 12%, respect- 
ively). Probably, a specific context of amino acid 
residues in the signal peptide cleavage region is 
needed for efficient processing, which may explain 
a discrepancy between the observed inhibition of 
tne PhoA processing and the occurrence of amino 
acid residues in the known sequences of this 
region. Additional experimental investigations 
should be designed to examine this suggestion 

* T^W'' our statistical analysis also shows 
that the buiky residues Trp, Phe, Tyr, Met, Leu 
and lie are almost absent at position -5 of the 
c-regions of Gram-positive bacteria. This suggests 
that the observed effect of bulky residues at pos- 
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ition -5 may also be found in Gram-positive bac- 
teria. 

It is known that the net charge distribution at 
the N and C termini of the signal peptide and a 
few amino acid residues of the mature protein's N 
terminus is important for secretion (von Heijne, 
1986b). Since the introduction of Lys(-5) may 
change the above charge distribution, we cannot 
exclude an effect of this mutation on protein trans- 
location across the membrane and therefore on the 
processing rate. However, the effects of Phe, Leu, 
Tyr, Ala and Gly do not fit in with this expla- 
nation. These residues are hydrophobic, hence the 
reason for their effect on processing may lie in a 
non-specific increase in the cleavage region's 
hydrophobicity. Laforet & Kendall (1991) 
suggested that the level of hydrophobicity of 
amino acid residues in the cleavage region of the 
signal peptide might be important for processing. 
However, Shen et ai (1991) and Barkocy-Gallagher 
et ai (1994) showed that the hydrophobicity of the 
cleavage site did not affect the processing. Our 
analysis of the known signal sequences also shows 
that although the cleavage regions are usually less 
hydrophobic than the central h-regions, the varia- 
bility of their hydrophobicity is high. Some signal 
peptides, e.g. D-galactose-binding periplasmic pro- 
tein (Mahoney et al, 1981) and ot-amylase 
(Schneider et al, 1992) have a more hydrophobic 
c-region than the corresponding region of the 
mutant alkaline phosphatase signal peptide. Thus, 
a non-specific increase of the cleavage site hydro- 
phobicity is probably not the reason for the inhibit- 
ing effect of the above amino acid substitutions. 

Amino acid residues at position -5 having an 
inhibiting effect nn alValinp nhncn^^q^ ~- 

O * — . ^llfLj|/itUldL)\. l k^/v.C3 _ 

sing were revealed to contain either bulky or small 
side-chains. This may be important for the comp- 
lementary binding of residues at position -5 with 
signal peptidase. Thus, all this suggests that the 
effect of Phe, Leu, Tyr (bulky) and Ala, Gly (small) 
residues at position -5 may be due to their size 
rather than their hydrophobicity. 

Assuming that the cleavage site of secreted pro- 
teins must have one unique conformation compe- 
tent for interaction with the active center of leader 
peptidase, we performed a stereochemical analysis 
of the region ranging from the -5 to +1 residues 
in order to establish this conformation. The absence 
of glycine preference at any position within the -5 
to +1 region indicates that the residues of this 
fragment most probably have oc and (or) (3-confor- 
mations rather than glycine-specific s L or (3* con- 
formations (symbols a, ol u (3, and p* denote, 
respectively, residue backbone conformations close 
to the right and left oc-helical conformations as well 
as (3-conformation and its mirror-symmetrical 
form). The known -3, -1 rule (von Heijne, 1983) 
predicts the interracial (i.e. directed towards the 
active center of signal peptidase) orientations of 
side-chains of the residues at positions -3 and -1. 
At the same time, most amino acid substitutions at 
positions -2 and -f-1 have almost no effect on the 



processing, which could be explained by an 
exterior orientation of these residues in the signal 
peptide-peptidase complex. This suggests an 
extended [J -conformation of the region that ranees 

q°q^ tk" 3 t0 f 1 reSidueS (Dalbe y & von Hei Jne, 
IV92). The conformation of the preceding region 
ranging from residues -6 to -4, was most fre- 
quently considered to be a P-curn (Barkocy- 
Gallagher et al, 1994). Previously it was suggested 
that the presence of Pro, which is capable of break- 
ing the a-helix conformation at a certain distance 
from the processing site, is required to form the 
[3-turn to provide a curve in the polypeptide chain 
at the region between the signal peptide hydro- 
phobic domain and the mature polypeptide N ter- 
minus (Perlman & Halvorson, 1983). However we 
show here that when Pro residues are simul- 
taneously present at both the -5 and -4 positions 
alkaline phosphatase is processed properly. Only 
the p-conformation is sterically allowed for the first 
Pro of this Pro-Pro tandem (Williamson, 1992) 
Therefore, this suggests a p-conformation for the 
residue at position -5 and, as a consequence casts 
doubt on the P-turn at the -6 to -4 region. 

Two conformations, PccPpp and PPPPP, of the -5 
to -1 region fulfil the condition that the -3, -2, 
-1 and -5 residues must have a P-conformation 
(Figure 5). An extended region of the ~3, -2 and 
-1 residues is superimposed in Figure 5 in order 
to demonstrate the difference between the -5 -4 
side-chain orientations in these two conformations 
Our mutation analysis showed that mutations at 
position -4 have no effect on the processing. This 
suggests an exterior orientation of the -4 side- 
chain in the signal peptide-peptidase complex, 
iviost residues at the -5 position that inhibit the 
processing have either bulky (Phe, Tyr Leu) or 




Figure 5. Bali-and-stick representations of two possible 
conformations of the processing region ranging from the 
-5 to +1 residues of a signal peptide. Shadow contours 
over the peptide fragments schematically designate the 
potential active site of the signal peptidase. C, atoms of 
the polypeptide backbone are shown as small balls, Q 
atoms of the side-chain groups are shown as large balls. 
The regions of the -3, -2,-1 residues having identical 
conformation are superimposed. The sticks showing 
peptides with (30(3(30 conformation and with PctPPP con- 
formation are black and gray, respectively. 
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small (Ala, Gly) side-chains. This may imply that 
the side-chain at position -5 is directed towards 
the binding center of the "receptor" molecule. If 
peptidase has a cavity for medium-sized residues 
of the signal peptide at position -5, it should 
cause energetically unfavorable scene tensions in 
the substrate-enzyme complex in the case of Phe, 
Tyr and Leu, or a lack of close packing in the case 
of Ala and Gly. The P-rurn model (Barkocy- 
Gallagher et. ai, 1994) with the conformation 
aocPPP predicts the -4 residue to be closer to the 
interface with peptidase than the -5 residue. Thus, 
in contrast to the "extended" conformation, the (3- 
turn model cannot provide any simple explanation 
of the effects of our mutations at positions -4 and 

As the statistical analysis shows, the occurrence 
of bulky residues at position -5 is often 
accompanied by the presence of Gly at position -1 
or Val at position -3. In our structural models this 
relationship may be explained by the assumption 
that the small Gly(-l) (or bulky Val(-3)) allows 
the bulky -5 residue to come out from the receptor 
cleft and to relieve the tension that is usually pre- 
sent (Figure 5). We do not have enough evidence 
to choose unconditionally one of the two confor- 
mations shown in Figure 5. However, the location 
of residues at position -5 in the PoePPP confor- 
mation is further from the putative enzyme surface 
compared with those in the PPPPP conformation. 
Thus, among several theoretically possible confor- 
mations this structure is more consistent with all 
the experimental and statistical data obtained in 
this study. 

The hydrophobic h-region of the signal peptide 
is probably buried in the non-polar membrane 
with the N in -C out orientation and has an a-helical 
conformation (Pugsley, 1993; Kajava et al, 1991). 
The hydrophilicity of the c-region and evidence 
that the active site of the signal peptidase probably 
faces the periplasm (Dalbey, 1991) suggest a peri- 
plasmic location for the cleavage fragment. To 
visualize possible spatial arrangements of the 
c-region relative to the h-region and membrane, 
we modeled several structures, which have a-heli- 
cal conformation from the N terminus to the -7th 
residue, followed by the c-region. A six-residue 
size was chosen for the c-region as the most fre- 
quently occurring in signal peptide sequences. 
Four possible arrangements were generated by a 
combination of the a and p conformations at pos- 
itions -6 and -4 (Figure 6), while residues -5, -3, 
-2, -1 were fixed in p conformations. All arrange- 
ments fit our data on Cys mutants showing that 
residues at positions -2, -1, +1 are probably more 
exposed to the periplasm compared with residues 
-3, -4 and -5. The frequent occurrence of the 
helix-breaking Pro at positions -6 and -5 favors 
PPPPPP and ppotppp conformations (Figure 6a and 
b) as compared with apaPPP and aPPPPP confor- 
mations (Figure 6c and d). There are no data about 
the effect of h-region sequence on the processing 
that predict a distant arrangement of the signal 



a ) b) 




Figure 6. Schematic pictures of several possible arrange- 
ments of the a-helical h-region (ribbon representation), 
c-region (ball-and-stick) and the non-polar environment 
of the membrane (in gray). -3, -2, -1 region is out- 
lined by black sticks and gray balls, Location of the lea- 
der peptidase active site can be imagined according to 
the assumption that -3 and -1 side-chains are directed 
into the binding pocket of the peptidase, a, PPPPPP' 
b, PPapPP; c, spctPPP; and d, ot(3P3PP, conformation of 
the c-region. 



peptide a-helix from the c-region-binding site If 
we compare pp a ppp and PPPPPp conformations, 
the latter arrangement, being more distant, appears 
to be more probable. Thus this consideration also 
suggests an extended P-conformation for the 
c-region 



Materials and methods 

Escherichia coli strains and plasmids 

£. coli strains used in this study are listed in Table 2. 
Su" strain El 5 as well as strains MK376, MK377, MK378 
and MK379 carrying supD, supE, supF and supP allels, 
respectively, were used for amber suppressor mutagen- 
esis (see Results). Strain Z85 was used as a host for vec- 
tor and recombinant plasmids except for the plasmids 
with cloned amber suppressor tRNA genes (see below), 
where the XAC-1 strain was used. Vector plasmid 
pl5SK(-) contains multiple cloning sites identical to 
pBluescript SK (Stratagene, USA), has the pl5A on of 
replication and the marker of resistance to chlorampheni- 
col (Fischer & Hengstenberg, unpublished). Plasmid 
pPHOl was the source of the E. coli alkaline phosphatase 
gene (Zozulya et ai, 1990). Plasmids pPHOA-wt, 
pPHOA-am(-5), pPHOA-am(-4), pPHOA-am(-3), 
pPHOA-am(-2), pPHOA-am(-l) and pPHOA-am(+l) 
were constructed here on the basis of vector pl5SK(-). 
They carry the wild-type and mutant alkaline phospha- 
tase genes cloned into the HindUL / BamKl sites and hav- 
ing amber mutations at positions corresponding to the 
~ D ' -3 , - 2, -1, -rl amino aad residues of this pro- 
tein. Vector plasmid pGFIBl with ColEl on of replication 
and the marker of resistance to ampicillin and plasrruds 
with the E. coli amber suppressor tRNA genes (Ala2, 
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Table 2. List of the Escherichia coli strams used 

Genotype 



Z85 
E15 
XAC-1 
MK376 
MK377 
MK378 
MK379 



Hfr Apho A8 fadim tonAll ^BIO ompm? rr/Ai In £ 
arfl t ac "P r °) ™ /A «/^E am rpoB tki F[fad373 tezL fc 

" A 0C " P 1 SUP ! "*' B thi AphoAS TnlQ * ^ 

ara A(lac-pro) gyrA ar gE am rpoB thi sup? Apho AS TnJ 0 
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Zaitsev et al. (1986) 
Bachmann (1987) 
Normanly et al. (1986) 
Karamyshev et al. (1994a) 
Karamyshev et at. (]994a) 
Karamyshev cf al (1994a) 
Karamyshev ef a/. (1994a) 



vi£ GIyl ; Hl , SA ' Pr0H ' C ^ S) doi1ed « th * *ave 
vector (Weina »/., 1990) were provided by Dr G 

Mjjer P asmids with cloned genes of amber-suppressor 
°f fh e phage T5 specific to Lys and Gly were con- 
structed by Ksenzenko et al. (unpublished). 

DNA techniques 

Redoning of the £. coli alkaline phosphatase gene 
analysis of recombinants obtained, isolation of a single 
sh-anded phage DNA, plasmid DNA, phosphorylation of 
ohgonudeotides and DNA sequencing were performed 
according to the protocols of Sambrook el al (1989) Oli- 
gonucleotide-direcred mutagenesis was carried out as 
described (Karamyshev et al., 1994a). The mutagenic pri- 
™* the w °'k were as follows! 5'-CC- 

TTACTGTTTACCJAGGTGACAAAAGCC-3'- 5'-CTGT- 
TTACCCCTTAGACAAAAGCCC-3'; y-TTACCCCTG- 
^r^^^ CGGAC - 3 ' ; S'^CCCTGTGACATAG- 
^^5S^ ACC " 3; 5'-CCCTGTGACAAAATAGCG- 
rtA$ G ' 3; 5'-GTGACAAAAGCCTAGACACCA- 
GAAATGC-3'. They were used for the introduction of 
amber stop codons into positions corresponding to the 

c ~r' T 3 ' ~ 2 ' _1 and +1 amino acid residues of the 
t. colt alkaline phosphatase, respectively. Mutations 
were confirmed by DNA seauenrin? 

A O 

Alkaline phosphatase maturation 

Pulse-chase experiments to analyze alkaline phospha- 
tase maturation were performed according to the meth- 
od of Michaelis et al (1986) with some modifications 
E. coh cells grown to the mid-Jog phase in mineral med- 
ium (Torriani, 1966) with 1 mM K 2 HP0 4 were harvested, 
washed, and incubated for 30 minutes in the same med- 
ium without orthophosphate for alkaline phosphatase 
induction. The cells were labeled with L-p^Jmethionine 
(50 nCi/ml) for 60 seconds and chased for 0.1, 1.0, 5.0 or 
60.0 minutes by addition of unlabeled methionine to a 
final concentration of 0.5%. Alkaline phosphatase and its 
precursor were immunoprecipitated using affinity-puri- 
fied rabbit antibodies against alkaline phosphatase and 
separated by 10% SDS-PAGE according to the method of 
Laemmii (1970), followed by autoradiography. Quanti- 
tation of proteins was performed using LKB UltroScan 
laser densitometer and the relative quantity of mature 
alkaline phosphatase from the total amount of the 
mature protein and its precursor was calculated with 
adjustments of additional methionine residues in the pre- 
cursor. 



faL^.r 2 i3 and the "responding antibiotics 
& ' °°»«/mt chloramphenicol 8 25 ug/mn 
CeUs were cultured at 37°C under intensive aeraton for 
6 hours, harvested by centnfugation, and incubated Z 
lyzmg buffer (20 mM Tris-HCl <p H 7.5), 10 rnM I 

0 C. Samples separated by centrifugation from the cell 

™ w "Icf^ by ,r - denah ^8 electrophoresis 
in 7.5/o PACE (Davis, 1964). Staining of the alkaline 

oSm^H by ; heir ™y™ tic actViti w" 

performed by treatment of the gel with a-naphthyl phos- 
phate (Sigma N-7255) and Fast Red Dye TR^hemapol 
Czechoslovakia) (Lojda et al., 1979). «i.apoi. 

Statistical and stereochemical analysis 

n»?H 6 C0ll ^ 0n of 151 «POrted proteins from Cram- 
negatrve bactena with known cleavage sites was 
extracted from SwissProt 32.0 (Bairoch & Apweiler 
1996) usmg the Sequence Retrieval System software 
(http://www.ebi.ac.uk/srs/srsc/). It does not include 
Protein sequences with more than 80% identity. Anoma- 
lous signal sequences (whose lengths of the hydrophobic 
core did not tall to the range between 7 and 17 residues), 
lipoproteins and oroteins nf 

collection of exported proteins from Gram-positive bac- 
teria was taken from sequence database SIGN ALP 

S nJS ' CbS ' dtU * dk/pUb/Signalp/) (Nidsen et al > 

To construct the structural models, conformations of 
the six-residue fragment of the c-region were adjusted 
manually by varying torsion angles of the polypeptide 
chain using TURBO-FRODO (Roussel & CornbOlan, 
lysy). The conformations were adjusted with regard to a 
prion requirements for the orientation of side-hains The 

^rKra!& 5 l) and 6 W6re 86nerated by M0L " 



Alkaline phosphatase isoforms 

A separate colony of £. coli was inoculated in 2 ml of 
mineral medium (Torriani, 1966) supplemented with 
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A preproparathyroid hormone allele from a patient 
with familial isolated hypoparathyroidism was shown to 
have a single point mutation in the hydrophobic core of 
the signal sequence. This mutation, changing a cysteine 
to an arginine codon at the -8 position of the signal 
peptide, was associated with deleterious effects on the 
processing of preproparathyroid hormone to propara- 
thyroid hormone in vitro. To examine the biochemical 
consequence(s) of this mutation, proteins produced by 
cell-free translation of wild-type and mutant cRNAs 
were used in assays that reconstitute the early steps of 
the secretory pathway. We find that the mutation im- 
pairs interaction of the nascent protein with signal rec- 
ognition particle and the translocation machinery. 
Moreover, cleavage of the mutant signal sequence by 
solubilized signal peptidase is ineffective. The conse- 
quence of this mutation on processing and secretion of 
parathyroid hormone is confirmed in intact cells by 
pulse-chase experiments following transient expression 
of the mutant protein in COS-7 cells. The inability of the 
mutant signal sequence, however, to interfere with the 
targeting and processing of other secreted proteins does 
not support obstruction of the translocation apparatus 
as the mechanism underlying the dominant mode of in- 
heritance of hypoparathyroidism in this family. 



Proteins destined for residence within membranes or for 
secretion contain hydrophobic amino-terminal sequences re- 
ferred to as signal sequences (1). These sequences direct the 
nascent polypeptides bound to ribosomes to form a functional 
junction with rough endoplasmic reticulum (RER) 1 mem- 
branes, thereby assuring the translocation of the growing 
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polypeptide chain into the lumen of the endoplasmic reticulum 
and its subsequent cleavage by the luminal- localized signal 
peptidase enzyme (for review, see Ref. 2). 

The nascent secretory protein is localized to the endoplasmic 
reticulum via a targeting apparatus consisting of the signal 
recognition particle (SRP) and its membrane-bound receptor on 
RER. The SRP binds to the signal sequence as it emerges from 
the large ribosomal subunit. This results in a transient delay or 
even arrest of translation (3) aimed in preventing premature 
folding of the precursor protein. When the SRP-ribosome com- 
plex encounters the SRP receptor or "docking protein," a series 
of reactions take place that result in the insertion of the nas- 
cent chain into the translocation site, release of SRP, resump- 
tion of translation, and initiation of translocation. GTP binding 
and its hydrolysis are required for these events to take place 
(4-6). As the nascent polypeptide transverses the transloca- 
tion channel (7, 8) and emerges into the lumen of the endoplas- 
mic reticulum, it is modified further by the signal peptidase 
enzyme complex that catalyzes the endoproteolytic cleavage of 
the signal sequence. 

Only a small number of natural mutations in human signal 
sequences have been reported to have direct correlation with 
defective secretion and associated pathological states (9-11). 
We have described such a mutation in the signal peptide of one 
allele of preproparathyroid hormone (prepro-PTH) gene from a 
kindred with a form of familial isolated hypoparathyroidism 
(9). This is an inherited metabolic disorder characterized by 
hypocalcemia and hyperphosphatemia resulting from lack of 
biologically active circulating PTH, the major calcium-regulat- 
ing peptide. In this family, the disorder was inherited as an 
autosomal dominant trait (12). The single point (T to C) muta- 
tion changed the codon at position -8 (signal peptide residues 
are numbered negatively starting from the site of cleavage 
toward the amino terminus) of the signal peptide of prepro- 
PTH from cysteine to arginine, thereby disrupting the hydro- 
phobic core of the signal sequence (Fig. 1). Associated with this 
change was a dramatic impairment in the processing of the in 
vitro translated mutant prepro-PTH protein to pro-PTH by 
microsomal membranes (9). 

Which step(s) of the early secretory process is affected by this 
mutation is not readily evident. Conceivably it could preferen- 
tially affect one or all of the steps involved, such as binding to 
SRPs, targeting to the RER, translocation through the mem- 
brane, and proteolytic processing by signal peptidase. In this 
report, we have systematically examined each of these steps 
using mutant and wild-type forms of in vitro translated prepro- 
PTH proteins by assaying their interaction with components of 
these various processes. Moreover, the consequence of this 
mutation on processing and secretion of PTH was examined in 
intact cells by transient expression of the mutant protein in 
COS-7 cells. Finally, we have used a co-transfection assay to 
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Wild type 
Single mutant 
Double mutant 



-25 -17 

Met lie Pro Ala Lys Asp Met Ala Lys 

Met lie Pro Ala Lys Asp Met Ala Lys 

Met lie Pro Ala Lys Asp Met Ala Lys 

" 16 -10 -3 -3 

Yol Met II r Vol Met 1 ph Aln TIp f y <; Phe Leu Thr Lys Ser 

Val Met He Val Met Leu Ala He Arg Phe Leu Thr Lys Ser 

Val Met lie Val Met Leu Arg He Arg Phe Leu Thr Lys Ser 

"I T 

Asp Gly - Lys Ser Val Lys Lys Arg - PTH(l-84) 

Asp Gly - Lys Ser Val Lys Lys Arg - PTH(l-84) 

Asp Gly - Lys Ser Val Lys Lys Arg - PTH(l-84) 

Fig. 1. Signal peptide sequence of human prepro-PTH. Amino 
acids -25 to -1 constitute the signal peptide of wild-type and mutant 
(single and double) forms of human prepro-PTH. The 6 residues follow- 
ing the signal peptidase cleavage site (arrowhead) make up the pro 
sequence, and the 84 amino acids of mature PTH follow. Residues -16 
to -5 (underlined) comprise the hydrophobic core of the signal peptide. 
The described patient's mutation (Cys -» Arg at the -8 position; single 
mutant) and the additional substitution at the - 10 position of the 
signal peptide (Ala — Arg; double mutant), are indicated by boldface. 
Numbers above the amino acids indicate their position relative to the 
signal peptidase cleavage site. 

define the mechanism by which this specific mutation could 
cause clinical hypoparathyroidism in the presence of a second, 
apparently normal (9), PTH allele. 

EXPERIMENTAL PROCEDURES 

Materials— Restriction endonucleases, Klenow fragment of Escher- 
ichia coli DNA polymerase I, and T4 DNA ligase were purchased from 
New England Biolabs (Beverly, MA). Endoglycosidase H (endo-0-N- 
acetylglucosaminidase H) was from B(>ehringer Mannheim. Rabbit re- 
ticulocyte lyaate, wheat germ extract, and canine pancreatic rough 
microsomes were purchased from Promega Corp. SRPs prepared from 
freshly excised canine pancreas and eluted from an aminopentyl- 
agarose column (13) were a generous gift from Reid Gilmore, University 
of Massachusetts, Worcester, MA. 

Construction of Plasm icis— Plasmid pWT84 was prepared by insert- 
ing a Ddel-Xbal fragment of human prepro-PTH cDNA encoding 
prepro-PTH(l-84 1 > within the ffinAin.Yh^i ~r *l 

' - - 1 — ~ iC wwuiiig on«a ui wic main- 

malian expression vector pCDM8 (9). The single point mutation (T to C) 
was introduced at the -8 position of the signal peptide of prepro-PTH 
cDNA using oligonucleotide-directed mutagenesis (14), resulting in 
plasmid pSM84 (single mutant; see Fig. 1). Plasmid pSM84 was then 
further modified by two additional point mutations introduced into the 
- 10 position of the signal peptide (GCA to CGA; Ala to Arg), resulting 
in plasmid pDM84 (double mutant; Fig. 1). 

Plasmids pWT83, pSM83, and pDM83, all containing prepro-PTH( 1- 
83) sequences without the termination codon, were constructed by 
subcloning a HindLU-Pstl fragment containing the prepro sequences 
from plasmids pWT84, pSM84, and pDM84, respectively, into plasmid 
SP-PTH(X6aI/fl a /3VaoI/#6) comprising mature PTH(l-83) sequences 
without the termination codon (15). 

In order to construct a plasmid encoding a protein of the same size as 
prepro-PTH but lacking a functional signal sequence, Ncol linkers were 
introduced into the Smal site in the polylinker of SP-PTH(X&aI/Ba/3l/ 
ClaWI) (15), and a 225-base pair Haelll-Hindlll fragment derived 
from the same plasmid was ligated into the Ncol site. This introduced 
an ATG initiation codon followed by PTH sequences (51-82>-Ala in place 
of the signal sequence. This plasmid was then restricted with Clal and 
HindlU and ligated to a Dpnl-rYmdlll fragment isolated from plasmid 
SP-PTH (15), containing sequences encoding PTHU-84). The resulting 
plasmid (pRM84, for random mutant signal sequence), encoded Met- 
PTH(51-82)-AJa-Ser-PTH(l-84). 

To introduce an iV-iinked glycosylation site into the PTH-coding 
sequence of plasmids pWT84 and pSM84, synthetic oligonucleotides 
encoding Ser- Asn-Gly-Ser -Gly-Glu-Gly-Val-Glu-Ser. were ligated into' 
the unique Taql site of the prepro-PTH coding sequence (the underlined 
sequence indicates the consensus sequence for W-glycosylation) The 
resulting plasmids, pWT84(G) and pSM84(G), differed from pWT84 and 
pSM84, respectively, only by the insertion of 9 amino acids between 
residues Ser- 17 and Met- 18 of the mature PTH protein. 

In Vitro Transcription, Translation, and Analysis of Products— Plas- 
nuds were linearized and sense RNA strands were transcribed using 



either T7 or SP6 RNA polymerase U5). Translation reactions in rabbit 
reticulocyte lysate and in wheat germ extract were performed according 
to the manufacturer's (Promega) procedure. Translation products were 
immunoprecipitated using affinity-purified goat anti-human PTHf 1- 
34) antiserum and subjected to 15-20% continuous gradient SDS-poly- 
acrylamide gel electrophoresis (PAGE). Autoradiography was per- 
formed after treating the gel with EN 3 HANCE (DuPont NEN) as 
described previously (15). The identity of PTH-related peptides was 
established by ammo-terminal radiosequence analysis (16). 

Posttranslational Membrane Binding— Truncated cRNAs missing 
the termination codon were transcribed from plasmids pWT83, pSM83, 
and pDM83 and translated in the rabbit reticulocyte lysate cell-free 
system for 15 min at 24 °C. Aurintncarboxylic acid was added to O.lmM 
to inhibit translation initiation, and after another 15-min incubation, 
emetine was added (1 mM final concentration) to block peptide elonga- 
tion. Incubation was continued for another 15 min, 4 eq (1 eq refers to 
1 u\ of the original rough microsome preparation that has been adjusted 
to a concentration of 50 units/ml; see Ref. 17) of microsomal 
membranes/25 ^1 of translation mixture were added, and incubation 
continued for 15 min at 24 °C. Translation products were then incu- 
bated at 0 °C for 10 min. Insertion into the membranes was assessed by 
centrifugation of the membranes through either a physiological salt- or 
an EDTA-sucrose step cushion (15, 18). Supernatants containing mem- 
brane-free peptides and pellets were immunoprecipitated and subjected 
to SDS-PAGE analysis, as described (15). 

Protease Protection Assay— To assay for co- trans lational transloca- 
tion, wild-type and single-mutant cRNAs were translated in rabbit 
reticulocyte lysate cell-free system in the presence of canine pancreas 
microsomal membranes. After a 15-min incubation at 24 °C, proteinase 
K (20 ng/ml final concentration) was added to the translation reaction 
mixtures either alone or in combination with Triton X-100 (1%), and 
incubation was continued for a further 60 min on ice. After inactivation 
of the protease with phenylmethylsulfonyl fluoride (final concentration, 
2 mM), radiolabeled proteins were subjected to immunoprecipitation 
and SDS-PAGE analysis. 

Endoglycosidase H Digestion— Transcribed products of pWT84(G) 
. and pSM84(G) were translated in the absence or presence of micro- 
somal membranes, immunoprecipitated, and treated with endoglycosi- 
dase H (10 milliunits) as described previously (19). Following overnight 
digestion, bovine serum albumin was added aa a carrier (final 0.25%), 
and the samples were precipitated by ice-cold trichloroacetic acid (15% 
final concentration). Following centrifugation, the precipitates were 
resuspended in 0.1 m Tris-HCl, pH 7.4, and prepared for SDS-PAGE 
analysis as usual. 

Signal Peptidase Assay— VBTX-stripped, nuclease-treated rough mi- 
crosomes were prepared from canine pancreas as described (17). Ali- 
quots of rough microsomes were resuspended by homogenization in 
ice-cold buffer (20 mM HEPES, pH 7.6, 50 mM NaCl) to a final concen- 
tration of 50 units/ml. Solubilization of signal peptidase with 
sodium deoxycholate was performed as described previously (20). 
Briefly, one volume of 10% (w/w) sodium deoxycholate was mixed with 
19 volumes of membrane suspension. The resultant clear solution was 
centrifuged at 100,000 < g for 4 h, and the supernatant was frozen in 
liquid nitrogen. Wild-type and single-mutant prepro-PTH and prepro- 
PTH(G) cRNAs were translated in a wheat germ cell-free system, and 
translation products were used as substrates for detergent-solubilized 
signal peptidase (20). A typical 50-/xl posttranslational cleavage assay 
contained 20 /xl of the detergent extract, 20 prf of wheat germ transla- 
tion mixture, and 10 >ii of water. Posttranslational cleavage by signal 
peptidase was allowed to proceed at 25 °C for 90 min. 

Pulse-Chase Analysis— COS- 7 cells cultured in 12-welI (22-mm di- 
ameter) plates in Dulbecco's modified Eagle's medium supplemented 
with 10% fetal calf serum and antibiotics were transfected with plas- 
mids pWT84, pSM84, and pDM84 using the DEAE-dextran protocol 
followed by 10% dimethyl sulfoxide shock (21). Five days later, cells 
were rinsed twice with Dulbecco's modified Eagle's medium without 
methionine and supplemented with 2% dialyzed fetal calf serum and 
then incubated for 15 min at 37 a C in the same medium containing 
[ 36 S]methionine (40 /iCi/weil). The cells were then washed once with 2 
ml of Dulbecco's modified Eagle's medium (with methionine, supple- 
mented with 10% fetal bovine serum), and then incubated further in the 
same medium for the times indicated. Conditioned media were saved 
for immunoprecipitation, and cells were lysed with 0.5 ml of lysis buffer 
(0.01 M Tris-HCl, pH 7.2, 1% Triton X-100, 0.1% SDS, 1% sodium 
deoxycholate, 5 mM EDTA, 0.02% sodium azide, 0.15 M NaCl) with 50 ^ 
of phenylmethylsulfonyl fluoride at a final concentration of 500 ugfml 
DNAs of the cell lysates were sheared with a 22-gauge needle, and the 
extracts were briefly centrifuged prior to immunoprecipitation. 



Fig. 2 Processing of normal and 
mutant prepro-PTH. Auto radiogram of 
[ 3 H]leucine-labeled proteins denved from 
the translation of cRNAs transcribed 
from plasmids containing wild-type 
(pWT84), single mutant (pSM84), and 
double mutant fpDM84) prepro-PTH 
cDNA Translation was performed in the 
rabbit reticulocyte lysate cell-free system 
in the absence (0 eq) or presence of in- 
creasing amounts (4, 8, and 12 eq) of ca- 
nine pancreatic microsomal membranes. 
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Competition Studies — COS-7 cells were transfected with pWT84 or 
pSM84 either alone or in combination with pWT52 encoding for human 
prepro-PTH{l-52) (22). After the indicated times post-transfection, 
cells were labeled with [^methionine for 15 min at 37 °C, as described 
above. Cells were then lysed and processed for immunoprecipitation 
and SDS-PAGE analysis. 

RESULTS 

Processing of Wild-type and Mutant prepro-PTH~lo assess 
the processing of wild-type and mutant forms of prepro-PTH to 
pro-PTH, transcribed sense RNA strands were translated in a 
rabbit reticulocyte lysate cell-free system in the absence or 
presence of increasing concentrations of canine pancreatic mi- 
crosomal membranes. In this co-translational assay, substitu- 
tion of Cys -+ Arg at the -8 position of the prepro-PTH signal 
peptide (single mutant) resulted in impaired processing to pro- 
PTH as compared with the wild-type form (Fig. 2). The addition 
of a second charged residue within the hydrophobic core of the 
signal peptide (Ala — > Arg at the -10 position, double mutant) 
completely abolished its proteolytic processing by rough micro- 
somes. Maximal processing of wild-type and single-mutant pre- 
cursors occurred when microsomal membranes were added to a 
final concentration of 4 eq/25 p\ of translation mixture. 

Interaction with SRP — The impaired processing of the mu- 
tant prepro-PTH proteins by microsomal membranes may re- 
sult from the inability of SRP to recognize efficiently the al- 
tered signal peptides. Binding of SRP to the signal sequence of 
nascent secretory proteins induces a site-specific elongation 
arrest of translation (3, 23). We, therefore, assessed the inter- 
action of the mutant prepro-PTH signal sequences with SRP by 
examining the effect of exogenous SRP on inhibition of trans- 
lation in a wheat germ cell-free system (Fig. 3). The mRNAs for 
p\VT84, pSM84, pDM84, pRM84, and rabbit globin were trans- 
lated in the presence (final concentration 0.02 and 0.04 A 280 
units/ml) or absence of exogenous SRP. The translation of the 
wild-type protein was inhibited significantly more than the 
translation of the mutant peptides by exogenous SRP. More- 
over, translation of the single-mutant form was impaired to a 
greater extend than that of the double mutant. The addition of 
SRP did not affect the synthesis of globin (cytoplasmic protein 
with no signal peptide) and PTH-like protein with a random 
mutant signal peptide. These results suggested that the ob- 
served inhibition in processing of the mutant precursors is, at 
least, partly due to the inability of their signal sequences to 
interact effectively with SRP. 

Translocation-competent Binding — To assess binding of the 
mutant prepro-PTH proteins to microsomal membrane compo- 
nents, truncated cRNAs for wild-type and mutant forms of 
prepro-PTH missing the termination codon were transcribed 
from plasmids pWT83, pSM83, and pDM83 and translated in 
the rabbit reticulocyte lysate cell-free system, thereby "freez- 
ing" the nascent proteins on ribosomes. After translation was 
complete, rough microsomes were added, and insertion into 
membranes was assessed following centrifugation of the reac- 
tion mixture through either a physiological salt- or an EDTA- 



sucrose step gradient. Only nascent chains tightly bound to the 
translocation apparatus pellet with the membranes in the pres- 
ence of high concentrations of EDTA (18). When membranes 
were added to the reaction mixture post-translationally, the 
propeptide (wild-type and single mutant) as well as the pre- 
propeptide bands were seen in the precipitates (Fig. 4A). More- 
over, peptides pelleting with the rough microsomes were resist- 
ant to extraction with EDTA, suggesting that translocation- 
competent binding of the ribosome-nascent chain complex to 
the membranes had taken place. This post-translational assay 
suggested that the mutant proteins can be targeted to micro- 
somal membranes and bind in a translocation-competent man- 
ner. Although the mutant forms were able to engage the trans- 
location apparatus, they did so less efficiently than the wild- 
type form. Equal loading of the various reaction mixtures was 
verified by examining corresponding supernatant fractions us- 
ing SDS-PAGE analysis (Fig. 4£). Thus, the amount of nascent 
protein that sedimented with rough microsomes paralleled the 
affinity of SRP for the respective peptides (wild-type > single 
mutant > double mutant) likely reflecting their degree of in- 
teraction with SRP. As shown in Fig. 4A, processing of the 
mutant forms to pro-PTH was again markedly impaired when 
compared with the wild-type protein, even though transloca- 
tion-competent binding had been achieved. These results sug- 
gested that additional processes in the early steps of the secre- 
tory pathway, i.e. translocation and/or interaction with signal 
peptidase, may be impaired by the mutant signal sequences. 

Protease Sensitivity of Membrane-bound Nascent Chains— 
To determine the location of the nascent chains within the 
rough microsomes, we examined their sensitivity to digestion 
with proteinase K either in the absence or presence of Triton 
X-100. Protein products that are translocated to the lumen of 
the microsomal vesicles would be protected from digestion by 
proteolytic enzymes that are unable to enter these vesicles. As 
shown in Fig. 5, the processed peptides (pro-PTH) were pro- 
tected by the membranes from proteolysis by proteinase K. The 
protection of these forms must have resulted from their seques- 
tration into the lumen of the microsomal vesicles. This was 
confirmed by the addition of Triton X-100 to the reaction mix- 
ture,_thereby, permeabilizing the membrane bilayer and allow- 
'trig the protease to gain access to all protected polypeptides. 
The minor unprocessed single-mutant product that is protected 
from proteolysis may represent unprocessed nascent protein 
that has not fully translocated, yet is protected from proteolysis 
by the ribosomes and the tight ribosome-membrane junction 
required for translocation. 

N-Glycosylation of a Modified PTH Sequence — S ince the mu- 
tant signal sequence might be a poor substrate for signal pep- 
tidase, cleavage alone is an insufficient criterion for the local- 
ization of PTH peptides. The fact that a fraction of the mutant 
prepro-PTH was protected from proteolysis raises the question 
of how far into the translocation process the uncleaved precur- 
sor has progressed. Because glycosylation is restricted to the 
lumen of the endoplasmic reticulum, the addition of carbohy- 
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Fic 3. Effect of SRP on translation. 

The cRNAs for mid-type (pWT84), single 
mutant (pSM84), double mutant (pDM84), 
random mutant (pRM84), and rabbit glo- 
bin were translated in a wheat germ cell- 
free system in the absence (0) or presence 
of exogenous SRP (final concentration 
0.02 U) and 0.04 (2) A280 units/ml). 
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FlG. 4. Transiocation-competent binding to microsomal mem- 
branes. Truncated cRNAs missing the termination codon were tran- 
scribed from plasmids encoding wild-type, single mutant, and double 
mutant cDNAs and translated in rabbit reticulocyte lysate system. 
Transiocation-competent binding to microsomal membranes was as- 
sessed by centrifugation of the membranes through either a physiolog- 
ical salt- or an EDTA-sucrose step cushion. Radiolabeled proteins in the 
pellets (A) and corresponding supernatants (B) are displayed. 
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Fig. 5. Protease sensitivity of membrane-bound nascent 
chains. Wild type (pWT84) and single mutant (pSM84) cRNAs were 
translated in the rabbit reticulocyte lysate system in the presence (+) of 
dog pancreas microsomal membranes. After translation was completed, 
reactions were treated with proteinase K (20 fig/ml) with ( + ) or without 
(-) the addition of 1% Triton X-100. Radiolabeled translation products 
were immunopreci pita ted and analyzed by SDS-PAGE. 

drate to the PTH sequence by microsomal membranes would 
constitute further evidence of translocation and would not di- 
rectly require the presence of a suitable substrate for signal 
peptidase (19). Because the mature PTH protein does not have 
an AT-iinked glycosylation site, we engineered such a site 23 
amino acid residues distal to the signal peptidase cleavage site. 

Fig. 6 shows that upon translation of pWT84(G)- transcribed 
cRNA in reactions supplemented with microsomal membranes, 
two translational products with PTH immunoreactivity were 
seen that were not present in the absence of membranes. The 
smaller product migrated with an apparent molecular weight 
slightly greater than that of authentic pro- PTH and was there- 
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Fig. 6. Glycosylation of wild-type and mutant prepro-PTH(G). 

Plasmids pWT84(G) and pSM84(G) were transcribed in vitro and trans- 
lated in the rabbit reticulocyte lysate cell-free system in the absence 
(-AO or presence (+Af) of canine microsomal membranes. Translation 
products were immunoprecipitated and treated with (+E) or without 
(-E) endoglycosidase H. 



fore felt to be pro-PTH(G). The second product, which migrated 
more slowly than prepro-PTH(G), was believed to be the glyco- 
sylated form of pro-PTH(G). This was confirmed by treatment 
with endoglycosidase H which, by removing carbohydrate on 
this peptide, shifted its position on an SDS-PAGE gel to that of 
pro-PTH(G). Interestingly, prepro-PTH(G) appeared to be proc- 
essed much more efficiently by canine microsomal membranes 
than the unmodified form of the protein (compare Figs. 2 and 
6), and this may simply reflect the influence of the extended 
length or the specific structure of the nascent chain. 

Translation of pSM84(G)-transcribed cRNA in the presence 
of membranes resulted in the appearance of three PTH-immu- 
noreactive products, two of which co-migrated with pro-PTH(G) 
and its glycosylated form, while the third was consistent with 
the unprocessed prepro-PTH(G) form. Again, the addition of 9 
amino acids to the mature PTH molecule resulted in a more 
efficient cleavage of the signal sequence by microsomal mem- 
branes as compared with the unmodified form (see Figs. 2 and 
6), Yet, the mutant signal sequence was once again processed 
less efficiently than the wild-type sequence, as indicated by the 
persistence of the unprocessed mutant prepro-PTH(G) form in 
the immunoprecipitated products. Once cleaved, however, pro- 
PTH(G) was glycosylated appropriately as confirmed by treat- 
ment of the reaction products with endoglycosidase H. The 
addition of carbohydrate to this moiety provides direct and 
independent evidence for its translocation, although signifi- 
cantly impaired, across the endoplasmic reticulum membranes. 
Furthermore, no larger glycosylated product was found that 
might have represented a protein that was translocated, gly- 
cosylated, and yet not cleaved by signal peptidase. Therefore, 
the uncleaved mutant prepro-PTH(G) was not delivered to the 
glycosylation machinery on the inner surface of the microsomal 
membranes. 

Processing by Solubilized Signal Peptidase— To determine 
whether the single-mutant form of prepro-PTH is an unsuit- 
able substrate for signal peptidase, we assessed proteolytic 
processing of the nascent protein in a translocation-independ- 
ent assay. Following translation of wild-type and single-mu- 
tant prepro-PTH cRNAs in the wheat germ cell-free system, 
signal peptidase assays were performed by mixing aliquots of 
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translation mixture and signal peptidase prepared by directly 
solubilizing canine pancreatic rough microsomes. In this post- 
translational assay, no cleavage was detected for the mutant 
precursor, while a minor amount of processing was observed for 
the wild-type form of prepro-PTH (Fig. 7). Since the wild-type 
prepro-PTH is also an inefficient substrate for solubilized sig- 
nal peptidase, an attempt was made to increase the sensitivity 
ofthe assay using as substrate the modified form of the prepro- 
PTH molecule containing an engineered glycosylate target 
site. RNAs encoding the wild-type and single-mutant form of 
prepro-PTH(G) were translated, and solubilized signal pepti- 
dase was added posttranslationaUy (Fig. 7). As found with 
intact membranes, wild-type and mutant forms of this modified 
PTH protein were processed more efficiently than their normal 
counterparts. Indeed, the mutant prepro-PTH(G) was proc- 
essed by solubilized signal peptidase unlike its unmodified 
form, but the extent of cleavage was significantly less than that 
ofthe wild-type prepro-PTH(G). These results suggested that 
the mutation in the signal peptide makes the protein a less 
suitable substrate for signal peptidase. 

Processing and Secretion of Prepro-PTH in COS-7 Cells—To 
confirm the rpll-ft-oo <w<» .u_ _,_ . . 

— . — „a„a »u>.iuieu aDuve in miact cells we 

examined the processing and secretion of mutant and wild-type 
forms of prepro-PTH from COS-7 cells transfected transiently 
with the corresponding expression plasmids. Five days follow- 
!?s g c 1 tra " SfeCti0rl ' CeUs were P^e-labeled for 15 min with 
I SJmethionine and then chased for the times indicated in Fig 
8 with medium containing cold methionine. The PTH species in 
cell extracts and conditioned media were immunoprecipitated 
and then resolved by SDS-PAGE. At the earliest time point 
examined (0 min), the predominant product immunoprecipi- 
tated in wild-type PTH-transfected cells was pro-PTH while 
only barely detectable levels of prepro-PTH precursor were 
observed (Fig. 8A). Moreover, imraunoreactive PTH was seen in 
the culture medium of these cells after 30 min of chase (Fig 
SB). The rate of processing seen with the wild-type sequence 
was m striking contrast to that observed with the mutant 
forms. In lysates from cells transfected with either mutant, the 
predominant band at the earlier time point corresponded with 
the prepro-PTH precursor with proteolytic cleavage to pro-PTH 
being dramatically reduced in efficiency. With the single mu- 
tant, only a small amount of pro-PTH was detected; no pro- 
PTH was found in cells expressing the double mutant. With the 
single-mutant form, a band corresponding to prepro-PTH was 
detectable even after 120 min of chase, consistent with the in 
vitro observed inefficient cleavage of this precursor to pro-PTH 
by microsomal membranes. Immunoreactive PTH was detect- 
able in culture media of these cells after 30 min of chase but at 
substantially reduced levels as compared with the wild-type 
form. The double mutant form of prepro-PTH, although effi- 
ciently translated, was not processed to pro-PTH, nor was 
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immunoreactive PTH detectable in the culture media of cells 
transfected with this plasmid (data not shown). These result! 
demonstrate in intact cells the inefficient processing of the 
mutant, prepro-PTH molecules as compared with the wild-type 
form. The single-mutant prepro-PTH allows a small amount of 
normal processing, consistent with the results in the cell-free 
studies that showed that the single mutant molecule can en- 

no™ll ST, I M i0n apparatus ' ^though less efficiently than 
normal. The double mutant prepro-PTH almost totally fails to 
engage the translocation apparatus in cell-free extracts and is 
not processed at all in intact cells. 

Competition Experiments-A co-transfection assay in COS-7 
ceU. was used to address the issue of dominant transmission of 
hypoparathyroidism in the family carrying the single-mutant 
prepro-PTH allele. The objective was to determine ££2 
inefficient processing of the mutant precursor can result in 

ShTiTl translocation a PP^tus and, thereby, to 

global defects in protein processing. For this study, an exnres- 

711^^^™? S6qUenCeS encodin S a truncated version 
of prepro-PTH missing the last 32 residues (WT52), was used 
to provide a readily distinguishable varient of prepro-PTH with 
a normal signal sequence. 

WT52 was co-transfected into COS-7 cells with either wild- 
type or mutant prepro-PTH expression vector. Over-expression 
ofthe mutant precursor for up to 10 days did not interfere with 
the processing of prepro-PTH(l-52) (Fig. 9). Although these 
results may simply reflect lack of sensitivity ofthe system they 
do not support global interference with protein processing at 
the microsomal membrane level as a consequence of overex- 
pression of the mutant prepro-PTH form. 



DISCUSSION 

Translocation from the cytoplasm into the endoplasmic re- 
ticulum is a multistep process requiring a functional amino- 
terminal signal peptide. A signal sequence must perform effec- 
tively several distinct functions required for the efficient 
translocation of secreted proteins. These auMWKon- *n-l-'- 
its recognition and binding to SRP, its interaction with mem- 
brane-bound components ofthe export machinery, opening the 
protem-conducting channels to initiate translocation, and ap- 
propriate presentation to the signal peptidase for cleavage 

Three domains have been identified as a common feature of 
eukaryotic signal sequences, and considered to be necessary for 
carrying out these functions: a positively charged NH, termi- 
nus, a central hydrophobic core of 10-15 amino acid residues 
and a polar COOH-tenninal region (24, 25). While the COOH- 
terminal region influences the efficiency and fidelity of signal 
peptidase cleavage, intactness of the hydrophobic region is 
indispensable for initiating translocation. 

Two reported inherited mutations in the signal sequence of 
human secreted proteins, namely preprovasopressin (10), and 
preprofactor X (11), involve the COOH-terminal region ofthe 
respective signal peptides. Thus, a point mutation resulting in 
substitution of Arg for Gly at the -3 position of the factor X 
signal peptide (Factor X Slnt0 Domingo ) blocks cleavage by signal 
peptidase but does not interfere with targeting and transloca- 
tion to the RER (11). Similarly, a naturally occurring substitu- 
tion of Thr for Ala at the -1 position ofthe signal peptide of 
preprovasopressin results in central diabetes insipidus (10) 
This mutant protein, similar to the Factor X« 
undergoes inefficient cleavage by signal peptida^althoulh 
targeting and translocation to the RER are not measurably 
affected. 

The present study is the first to examine the effect of a 
naturally occurring substitution at the hydrophobic core of a 
signal peptide that results in human disease. Prepro-PTH the 
precursor of PTH, contains a typical 25-residue amino-terminal 
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Fig. 8. Expression of wild-type and 
mutant forms of prepro- PTH in 
COS-7 cells, Plasmids pWT84, pSM84, 
and pDM84 were transiently transfected 
into COS-7 cells. Five days following 
transfection, the cells were pulse-labeled 
with [^Slmethionine for 15 min. At the 
indicated times following pulse-labeling, 
the media were removed, and cell extracts 
were prepared. Both cell extracts (A) and 
media (£) were immunoprecipitated us- 
ing a PTH-specific antibody prior to SDS- 
PAGE analysis. *, sample not processed. 



Wild type 
Time (min) 0 15 30* 60 1 20 



Single Mutant 
0 15 30 60 120 



Double Mutant 
0 15 30 60 120 
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Single Mutant 
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PTH 




Time post co- transfection (days) 
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preproPTH(84) 
proPTH(84) — v 
PTH(84) — V__ 
preproPTH(52) — ^ 
proPTH(52) 
PTH(52) 




Fig. 9. Co-transfection of wild-type 
and mutant prepro- PTH. Plasmids 
pWT84 and pSM84 were transfected into 
COS-7 cells either alone or in combination 
with pWT52. After the indicated number 
of days posttransfection, cells were pulse- 
labeled with [^Sjmethionine for 15 min. 
Cell extracts were then prepared and im- 
munoprecipitated prior to SDS-PAGE 
analysis. 



signal sequence followed by a 6-residue prospecifk peptide and 
the mature hormone (residues 1-84; see Fig. 1). The hydropho- 
bic core of the human prepro-PTH signal peptide is composed of 
12 contiguous uncharged amino acids (residues —5 to —16 of 
the signal peptide). 

In the present study, we have demonstrated that substitu- 
tion of a charged amino acid, Arg for Cys, in the signal peptide 
hydrophobic core of prepro-PTH impairs co-translational trans- 
location as well as posttranslational cleavage by isolated signal 
peptidase. The impairment was even more evident when two 
charged residues were introduced in the hydrophobic core of 
the signal sequence. In contrast to deletion mutants (26), this 
change interferes not only with translocation and cleavage by 
signal peptidase but also with binding to SRP. Since substitu- 
tion of a hydrophobic amino acid, leucine, for cysteine or its 
deletion was ineffective in modifying translocation and proc- 
essing (26), the present findings would suggest that a change in 
the hydrophobicity of the core is responsible for the observed 
global disruption in the processing of the mutant prepro-PTH. 
Similarly, single charged amino acids introduced in the hydro- 
phobic core of the E, coli maltose binding protein signal peptide 
impair secretion of the protein into the external periplasmic 
compartment of the cell (27). 

It is rather intriguing that three distinct reports of inherited 
mutations in the signal sequence of human secreted proteins, 
namely prepro-PTH (9), preprovasopressin (10), and preprofac- 
tor X (11), demonstrate inheritance of the associated disorder 
in an autosomal dominant fashion. As is the case for the other 
two reported disorders, however, it remains unclear why indi- 
viduals with a mutated PTH allele have hypoparathyroidism. 
From transfection studies in COS-7 cells, it would appear that 



expression of the mutant allele does lead to secretion of PTH, 
albeit inefficiently. Moreover, the normal allele would be ex- 
pected to produce sufficient circulating PTH to maintain cal- 
cium homeostasis. The only other reported case of familial 
isolated hypoparathyroidism segregating with a mutation in 
the PTH gene, involved a point mutation affecting intron splic- 
ing and was associated with autosomal recessive inheritance of 
the disorder (28). Since heterozygous individuals for this mu- 
tant allele were unaffected, it would appear that one normal 
PTH allele is sufficient for maintaining calcium homeostasis. 

Hypopathyroidism in the presence of one normal PTH allele 
would therefore suggest that the mutant gene product exerts a 
dominant negative effect in vivo. The mutant protein might 
interfere with the normal targeting and processing of other 
secreted proteins, including the normal PTH precursor. Such 
interference might even lead to destruction of parathyroid tis- 
sue in affected individuals; unfortunately, this is difficult to 
evaluate because the tissue is not readily accessible. Export 
incompatibility, however, has been observed in E, coli express- 
ing transport-defective /3-galactosidase leading to lethal jam- 
ming of the cellular export machinery (29). 

The phenotype of the single-mutant prepro-PTH suggests 
that it might have dominant negative effects under appropriate 
conditions. The mutation allows a fraction of the prepro-PTH 
precursor to enter the translocation machinery, but the mutant 
protein is then cleaved inefficiently by signal peptidase. The 
inability of the uncleaved protein to reach the glycosylation 
machinery (assessed using the precursor modified by inclusion 
of a glycosylation signal) suggests that the precursor is not 
transported fully across the microsomal membrane. Such a 
protein that engages the translocation apparatus but fails to 
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move through the apparatus efficiently might well have domi- 
nant negative effects. The competition experiment in Fig. 9 




failed to demonstrate such an effect; perhaps higher levels of 
protein expression or a longer term experiment are needed. 



Nevertheless, the observation that all three reported human 
signal sequence mutations involve proteins that partly engage 
the secretory apparatus and appear to have dominant effects 
suggests that in vivo these mutant proteins cause dominant 
secretory dysfunction. 
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The effect of N-temiinai amino acid substitutions in the Escherichia coli alkaline phosphatase [EC 
3.1.3.1] on its biogenesis was studied. Using £. coli strains carrying different amber suppressors and 
the phoA gene with an amber mutation at position corresponding to the N-terminal amino acid in 
mature protein, Arg(+1) was changed to Ser, Gin, Tyr, Leu, Gly, Ala, Glu, Phe, His, Cys, Lys, or 
Pro. All these amino acid substitutions do not prevent secretion and formation of active enzyme. 
However, introduction of Pro in position +1 completely inhibits signal peptide cleavage (processing) 
and results in accumulation of the precursor inside the cells. Other amino acid substitutions have no 
effect on processing. All N-terrninal amino acid substitutions studied change the alkaline phosphatase 
isozyme spectrum. The experimental evidence obtained suggests that the protease splits off the alkaline 
phosphatase N-terminal arginine is ineffective with Glu and Lys at position +1. 

Key words: alkaline phosphatase; E coli; amino acid substitutions; suppressor tRNA; biogenesis 



Alkaline phosphatase is a typical secretory protein 
of E. cgIl Like most secretory proteins, it is synthesized 
as a precursor (prePhoA) with an extra N-terminal 
sequence named signal peptide [1]. Upon translocation 
of the protein across the cytoplasmic membrane, the 
signal peptide is off cleaved by a membrane-bound 
leader peptidase [2]. It has been shown that the signal 
peptide is essential for secretion, and most amino acid 
substitutions disturb this process [1, 3, 4], Significantly 
less is known about the effect on alkaline phosphatase 
translocation across the membrane and signal peptide 
cleavage caused by amino acid substitutions in its mature 
part: there are only few publications on this problem [5, 
6]. We have found that amino acid substitutions within 
the leader peptidase recognition site and mature alkaline 
phosphatase N-terminal domain considerably affect dis- 
tinct steps of its biogenesis, suggesting an important role 
of these domains [6]. In line with this, the alkaline 
phosphatase N-terminal amino acid is of great interest. 
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This is a positively charged arginine relatively rare at this 
position m secretory proteins. In the process of biogene- 
sis, the N-terminal arginine is removed and active 
alkaline phosphatase macromolecules are formed 
through subunit dimerization, yielding three enzyme 
isoforms [7]. In addition, this amino acid is a part of 
the signal peptide cleavage site. It has been assumed for 
a long time that the nature of a secretory protein 
N-terminal amino acid is not critical for processing [8]. 
Recently, however, it was found for the phage M13 coat 
protein [9] and E. coli maltose-binding protein [10] that 
some substitutions at this position interfere with the 
signal peptide cleavage. 

In this work the effect of N-terminal Arg substitu- 
tions on particular steps of alkaline phosphatase bio- 
genesis is studied. 



MATERIALS AND METHODS 

Bacteria] strains and pi asm ids. Construction and 
characterization off. coli strains used in this work were 
described in detail previously [11]. 
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Plasmid pl5KS(+) obtained from Dr. Fisher (FGR) 
contains multiple cloning sites identical to those of 
pBluescript KS (Stratagene), pl5 oh of replication, 
chloramphenicol resistance marker. Plasmids pPHOA12 
and pPHOA7 were constructed on the basis of 
pl5KS(+). They contain the wild-type phoA or mutant 
phoAl(am) gene of E. coli, respectively [11]. PhoAl 
mutation changes the CGG codon corresponding to 
alkaline phosphatase Aig(+1) to an amber codon TAG. 
Plasmid pGFIBl and its derivatives containing E. coli 
amber suppressor tRNA genes Ala2, GluA, Phe, Glyl, 
HisA, ProH, and Cys [12] were obtained from J. Miller 
(USA). The amber suppressor tRNA gene pT5Su of 
phage T5 was obtained by oligonucleotide -directed mu- 
tagenesis and cloned in vector pGFIBl. Amino acid 
specificities of am ber suppressor tRNAs used in the study 
are shown in Table 1. Mutant proteins are designated 
according to the main amino acid used by amber 
suppressor tRNAs and the position where amino acid 
substitution was introduced : Pho ASer( + 1 ) , Pho- 
AGln(+l), PhoALeu(+l), PhoATyr{+ 1), PhoAAla(+l), 
PhoAPro(+l), PhoAGly(+l), PhoAGlu(+l), Pho- 
APhe(+l), PhoACys(+l), PhoAHis(+l), PhoALys(+l). 



certain time intervals, 50 pJ aliquots were taken, pre- 
cipitated with 10% trichloroacetic acid, immunoprecipi- 
tated [15], and analyzed by electrophoresis followed 
with autoradiography. 

Analytical methods. Protein electrophoresis in 10% 
polyacrylamidegel with sodium dodecyl sulfate was car- 
ried out according to Laemmli [16], Immunoprecipita- 
tion with rabbit anti-alkaline phosphatase antibodies was 
done as described previously [15]. Immunoblotting was 
done by electrophoretic transfer of proteins from gel to 
nitrocellulose BA-85 (Schleicher und Schull) followed 
with alkaline phosphatase detection, using rabbit anti- 
bodies and protein A- horseradish peroxidase conjugate 
(Bio-Rad Laboratories) as described by Tsfasman et al. 
[17], Alkaline phosphatase iso forms were visualized 
directly in polyacrylamide gel by treatment with a- 
naphthyl phosphate and Fast Red RR [18] after elec- 
trophoresis under native conditions. Alkaline phos- 
phatase activity was determined from the rate of 
/?-nitrophenyi phosphate hydrolysis: one unit (U) is the 
amount of enzyme that hydrolyzes 1 [imole of substrate 
in 1 min at 37°C. Protein was assayed by the Lowry 
method [20]. 



TABLE 1. Amber Suppressors Used in the Study 



Amber suppressor 



Amino acid incorporated 



Ala2 

GluA 

Phe 

Glyl 

HisA 

ProH 

Cys 

Ser<Sul) 
Gln(Su2) 
Tyr(Su3) 
Leu(Su6) 
Lys(pTSSu)" 



Ala 

Glu (59%), Gin (17%), Tyr (6%), Arg (6%) 
Phe 
Gly 
His 
Pro 
Cys 
Ser 
Gin 
Tyr 
Leu 
Lys 



* Construction of amber suppressors was described by Kleina et al. 
[12]. Amino acid specificity was <tetermined by Normanly et al. [13]. 

*" Phage T5 amber suppressor whose amino acid specificity was 
determined in this work. 



Cultivation of E. coli in synthetic medium was 
described in detail in our previous article [6]. 

Determination of alkaline phosphatase processing 
rate in vitro was done by a published method [4] with 
modifications. E, coli cells grown to mid-exponential 
phase in synthetic medium [14] were transferred to the 
same but orthophosphate-free medium and incubated 
for 10 min at 37°C. This time interval corresponds to 
the start of alkaline phosphatase synthesis. For protein 
pulse -labeling, [ 35 S]methionine (Radiopreparat) was 
added at 40 ^Ci/ml. After incubation for 30 sec at the 
same temperature, [ 35 S]methionine incorporation was 
terminated by adding cold amino acid to 0.05%. At 



RESULTS 

Construction of Mutant Alkaline Phosphatases 
Using Amber Suppressors 

To obtain mutant alkaline phosphatases, an ap- 
proach was used that includes (a) introducing an amber 
mutation into the phoA gene by oligonucleotide-directed 
mutagenesis, and (b) using amber suppressors to incor- 
porate a desired amino acid in the corresponding posi- 
tion. The introduction of the amber mutation was 
described previously [11]; its location is shown in Fig. 
la. The mutant phoA7(am) gene was cloned in vector 
pl5KS(+) at Hindlll and BamUl sites (Fig. lb). The 
resulting plasmid pPHOA7 has a pl5A ori of replication 
and a chloramphenicol resistance marker. The 
phoAl(am) gene with its own promoter P^a has * e 
same orientation as the promoter. The ?phoA P r0 " 
moter enables induction of alkaline phosphatase synthe- 
sis in a minimal medium lacking orthophosphate [19]- 
In suppressor-less E. coli strain, the amber mutation in 
the phoA gene results in premature translation termina- 
tion, while mutant proteins are synthesized in strains 
containing amber suppressors. In this work both "clas- 
sical" amber suppressors, whose genes have chromoso- 
mal localization (Sul, Su2, Su3, Su6), and ambe^ 
suppressors whose genes are cloned in the plasrm 
pGFIBl under the contol of constitutive Fi pp piomottr, 
from the collection of Kleina and coauthors [12], were 
used. The plasmid pGFBl bears an ampicillin resistance 
marker and the ColEl ori of replication allowing its ^ 
in a two-plasmid system in combination with pPH 
(Fig. lb). The amino acid specificities of jm ^ rSU ?S 
sor tRNAs were established by Normanly et al. [13] 
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255 



Amber mutation 
TAG 



phoA 
(Wild type) 



i 



CCGTTACTGTTTACCCCTGTGACAAAAGCCCGGACACCAGAA.MGC r T 
ProUuLeuPheThrProValThrLysAlaArcThrProGUMec^c 
u -1 +1 +4 



Signal peptide 



Mature part 



BamHl 





EcoRI 



^A 8 e„e S'-tenninal 

co.cn appease are shown. *) l^U & ^^T^^^t^ 



are presented in Table 1. We have described the con- 
nction of £ coli cells with the phoA gene deleted 
jntaining respective amber suppressors and pPHOA7 
[11J. Using the approach described above, the alkaline 
phosphatase N-termiiialArg was replaced with Ser Gin 
Tyr, Uu, Gly, Ala, Ghi, Phe, His, Cys, Lys, and Pro' 

Common Features in Secretion and Biogenesis of 
Mutant Alkaline Phosphatases Obtained Using 
Suppressor tRNAs 

AH mutant proteins studied have enzymic activity. 
This conclusion follows from the phosphatase activity 
assays in bacterial culture and culture liquid of E coli 
strains XAC (MK376-MK379 and MK391-MK398) 
harboring the plasmid pPHOA7 (Table 2). Phosphatase 
activity in E. coli strains MC1061/p3 (MK372-MK375 
and MK381-388) and E15 (MK401-MK408) differs 
considerably from the data presented above. This, prob- 
ably, is associated with the different efficiency of amino 
acid incorporation by amber suppressor tRNAs in dif- 
ferent E coli strains. Though this makes impossible a 
quantitative comparison of expression and secretion for 
different mutant proteins, their enzymic activities sug- 
gest that none of the amino acid substitutions obtained 
results in complete block of alkaline phosphatase 
translocation across the cytoplasmic membrane and 
tive enzyme formation. 
It has been shown that the wild-type phoA gene 
expression from multicopy plasmids results in enhanced 
alkaline phosphatase synthesis and alters its biogenesis: 
the PhoA precursor (prePhoA) is accumulated inside 
the cells as insoluble aggregates, and mature protein is 



secreted not only to periplasm but to culture liquid as 
well (up to 80% of active enzyme) [14, 21]. As can be 
seen in Table 2, the efficiency of both wild-type and 
mutant alkaline phosphatase secretion to the medium in 
the strains studied in this work is significantly lower than 
in other E. constrains studied n™»vioii^" m i t>;« 
be associated with the peculiarities of cell wall structure 
in the strains used. It was also shown by immunoblotting 



TABLE 2. Activities of Mutant Alkaline Phosphatases in Bacterial 
Culture and Culture Liquid" 



Avnhire „ _ ^to^t phosphatase activity, mU/ms protein 




Culture 


Medium 


Sul (Ser) 


1319 


426 


Su2 (GLn) 


2798 


94 


Su3 (Tyr) 


1703 


110 


Su6 (Leu) 


5034 


150 


Ala2 


4563 


556 


GluA 


2534 


359 


Phc 


1740 


206 


Glyl 


1509 


265 


HisA 


2290 


317 


ProH 


1913 


94 


Cys 


1259 


111 


Lys(pT5Su) 


3605 


380 


Control 


5573 


2S0 



'Assayed In E. coH strains MK376-MK379 and MK391-MK399 
harboring the plasmid pPHOA7. E. coli strain MK380 containing the 
plasmid with the wild-type phoA gene (pPHOA2) was used as a 
control. 
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Bg 2 Immunoblotting of the wild-type and mutant alkaline phosphatases in ceil lysates. I) Wild-type PhoA; 
2) PhoASer(+i); 3) PhoAGln( + l); 4) PhoALeu( + l); 5) PhoATyr(+l); S) PhoAAla(-H); 7) PhoAPro(+l); 
S) PhoAGly( + l); 9) PhoAGlu(+l); 10) PhoAPhe(+l); IT) PhoACys( + l); 12) PhoAHis(+l); 13) PhoALys(+l). 



b c a b 



pre PhoA 
PhoA 



Fig. 3. Analysis of mature alkaline phosphatase formation from 35 S-labded precursors of: I) wild-type PhoA; 
2) PhoAPro(+l); 3) PhoAAla(+l); 4) PhoAGln(+l); 5) PhoALeu(+l) in 0 (a), 0.5 (b), and 60 min (c) after 
termination of labeling with [ 35 S] methionine in vivo. Samples were analyzed by electrophoresis in 10% polyacryl- 
amide gel followed with autoradiography. 



Jiat upon suppression of the amber mutation most of 
the mutant alkaline phosphatase precursors are not 
accumulated inside the cells, or their amounts are 
negligible, whereas the wild-type precursor is abundant 
(Ejg. 2V This can be explained by the fall in the protein 
synthesis rate upon the am ber suppressor tRNA-aided amino 
acid incorporation, resulting in complete translocation of 
the synthesized protein across the cytoplasmic membrane. 

Mutant PrePhoA Processing in vivo 

Translocation of precursor across the cytoplasmic 
membrane and its conversion to mature form through 
signal peptide cleavage are important steps of secretory 
protein biogenesis. To study the effect of amino acid 
substitutions on these processes, in vivo pulse-labeling 
of protein was carried out. E. coli cells transformed with 
respective plasmids were labeled with [ 35 S] methionine 
for 30 sec and then incubated in the absence of the label. 
After immunoprecipitation, the alkaline phosphatase 
precursor and mature form were separated electro- 
phoretically. As can be, seen in Fig. 3, labeled 
PhoAPro(+l) is detected aS precursor only, not con- 
verted to the mature form throughout the time of 
observation, suggesting the lack of signal peptide cleav- 
age. This conclusion is also supported by the absence of 
this protein mature form when the cell proteins are 
analyzed by immunoblotting (Fig. 2). The rates of 
precursor processing for the wild-type alkaline phos- 
phatase and proteins PhoAAla(+l), PhoAGln(+l), 
PhoALeu(+l) (Fig. 3) as well as other mutant proteins 



with Arg(+1) changed to Ser, Tyr, Gly, Glu, Phe, His, 
Cys, or Lys (data not shown) were very high, and their 
precursors were not revealed under these conditions. These 
data suggest that no of the amino acid substitutions studied 
except Pro is critical for the in vivo protein processing. 

Posttranslocational Modification of Mutant Alkaline 
Phosphatases 

The last step in the wild-type alkaline phosphatase 
biogenesis includes removal of the N-tenninal Arg and 
dimerization of protein subunits, yielding three enzyme 
isoforms: dimer with Arg at the N termini of both 
subunits (isoform I), heterodimer of subunits with and 
without N-terminal Arg (isoform II), and dimer in 
which both subunits are devoid of N-tenninal Arg 
(isoform III) [7] . To study the isozyme spectra of mutant 
alkaline phosphatases, we separated periplasmic proteins 
by electrophoresis under nondenaturing conditions and 
detected the active alkaline phosphatase directly in the 
gel (Fig. 4). The wild-type PhoA is present in the 
periplasm as three isoforms; the mutant isozyme spectra 
differ considerably from that of the wild-type protein. 
The PhoAGlu(+l) is revealed as a major isoform with 
a higher electrophoretic mobility than that of the wild- 
type isoform III. The presence of a minor isoform jus 
above the major one can be explained by the amino aci 
specificity of amber suppressor tRNA GluA , which can 
accept glutamine (17%) in addition to glutamic aci 
(59%) [13]. The PhoALys(+l) is detected as a sing* 
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wild-type isoform I. Analysis of the isozyme spectra of 
mutant alkaline phosphatases with charged amino acids 
(Glu and Lys) substituted for Arg(+1) suggests that 
N-terminal amino acid removal by the modifying pro- 
tease lap is impaired, otherwise other isoforms would 
have appeared in the case of N-terminal Lys or Glu It 
should be noted that an E. coli strain containing the Lys 
umber suppressor pT5Su was used in this work. The gene 
of this suppressor tRNA was obtained by oligonu- 
cleotide-directed mutagenesis of the phage T5 tRNA Lys 
gene. The amino acid specificity of this suppressor tRNA 
was not established before. The isozyme spectrum analy- 
sis indicates that this suppressor tRNA does accept Lys, 
otherwise a different isozyme spectrum would have been 
observed. In the case of noncharged amino acids or 
histidine, the mutant enzyme should comigrate with the 
wild-type PhoA isoform III, in the case of Glu or Asp 
it should be below isoform III, and in the case of Arg 
all three isoforms of the wild-type protein would be 
detected. According to Normanly et al. [13], the amber 
suppressor tRNA obtained from £. coli tRNA Lys also 
does not change its amino acid specificity. 

Isozyme spectra of proteins containing Ser, Gin, 
Tyr, Ala, Phe, or Gly at position +1 look as expected 
for proteins with substitution of a noncharged amino 
acid for Arg(+1). All of them are detected as single 
isoforms with the same electrophoretic mobility as the 
wild-type isoform III. The same electrophoretic pattern 
k found for PhoAHis(+l). Since the pK' for histidine 
R-group is 6.0, it is uncharged under the electrophoretic 
conditions (pH 8.3), and hence does not affect the 
protein electrophoretic mobility. In contrast with the 
-nutant proteins mentioned above, introducing Pro or 
~ys in position +1 significantly alters the isozyme 
spectrum: several isoforms of these proteins are detected. 
In the case of PhoAPro(+l), this can be explained by 
protein self-aggregation or aggregation with other cell 



components owing to the presence of uncleaved signal 
peptide. In the case of PhoACys(+l), perhaps formation 
of additional disulfide bonds between several subunits of 
this mutant protein takes place. The formation of such 
bonds, however, does not result in the loss of enzymic 
activity. In this case, the N-terminal methionine also is 
not removed by the modifying protease. 



DISCUSSION 

After crossing the cytoplasmic membrane, secretory 
protein precursors undergo processing that results in 
signal peptide cleavage and conversion of the protein to 
the mature form. This reaction is catalyzed by a leader 
(signal) peptidase [2, 22]. In our previous work [6] the 
high structural conservedness of amino acids at positions 
3 and -1 within the signal peptidase recognition site 
was discussed. Position +1 is currently believed to be 
much less conserved [23, 24]. Indeed, all 20 amino acids 
are met at this position in eukaryotic secretory protein 
precursors [8]. However, Gin, Be, Leu, Met, and Pro 
are not found at position +1 of prokaiyotic secretory 
proteins [8, 25]. Our data suggest that a change of 
ArgC+1) to Ala, Glu, Phe, His, Cys, Ser, Gin, Leu, or 
I yr in alkahne phosphatase does not significantly affect 
the protein processing in vivo. However, proline in this 
position completely inhibits the signal peptide cleavage 
This finding is in full agreement with the data obtained 
in studying the processing of phage M13 coat protein 
[9] or maltose-binding protein [10]. Moreover, as found 
in the latter study, the mechanism of processing inhibi- 
tion for the maltose-binding protein with proline at 
position +1 is different from that for the protein with 
amino acid substitutions at positions -3,-1 of the signal 
peptide. While the latter mutations interfere with rec- 
ognition of the signal peptide cleavage site, the presence 
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of Pro(+l) makes the mutant protein uncleavable, but 
does not impair its recognition by signal peptidase. Such 
a mutant protein acts as a competitive inhibitor of leader 
peptidase, which leads to accumulation of several secre- 
toiy protein precursors inside the cells. The mechanism 
of PhoAPro(^l) processing inhibition is likely to be 
similar to the one described above; however, special 
experiments are required to clarify this question. 

In pulse-labeling experiments, sec retory protein pre- 
cursors are detected if either the protein translocation 
across the cytoplasmic membrane or the signal peptide 
cleavage by leader peptidase is blocked [9]. In this work 
it was found that inhibition of processing of the Arg(+1)- 
Pro protein does not prohibit the precursor translocation 
across the cytoplasmic membrane, as witnessed by the 
high phosphatase activity of this protein in bacterial 
cells. The £. coli alkaline phosphatase is known to 
become active only in the periplasm, where conditions 
are appropriate for disulfide bonding and active macro- 
molecule formation, while the nontranslocated alkaline 
phosphatase precursor has no enzymic activity [5, 7]. 
Moreover, the nontranslocated precursor is usually de- 
graded by cytoplasmic proteases in 5— 10 min [4]. As 
can be seen in Fig. 3, the mutant PhoAPro(+l) precur- 
sor does not undergo proteolysis even after 60 min of 
incubation, suggesting once more its translocation 
across the cytoplasmic membrane. Our data agree with 
the scanty findings for other proteins in which the 
introduction of proline in position + 1 inhibits processing 
but not translocation [9, 10]. 

After completion of processing, alkaline phosphatase 
undergoes further proteolytic modification: N- terminal 
arginine removal by protease lap [7]. It has been shown 
that adding arginine to the culture medium inhibits the 
conversion of alkaline phosphatase isoform I to isoforms 
II and III: from this observation the specificity of 
protease lap was suggested [26, 27]. However, the 
specificity of lap protease toward N-terminal arginine 
has not been directly proved until now. Our data suggest 
that at least glutamic acid or lysine introduced in 
position +1 of alkaline phosphatase are not removed by 
the modifying protease. 

The data of this work indicate that all substitutions 
of N-terminal arginine in alkaline phosphatase are not 
absolutely critical for its translocation across the cyto- 
plasmic membrane and for active molecule formation; 
however, they affect certain steps of biogenesis. 

In this study, amino acids were incorporated into 
the position corresponding to amber mutation in the 
phoA gene with the aid of amber suppressor tRNAs. 
Using a set of amber suppressors, we were able to obtain 
a broad set of proteins with Arg(+1) substituted with 
various amino acids. Despite the great number of amber 
suppressors available [12, 28, 29] and the obvious 
attractiveness of their use in protein engineering, this 
approach has not been widely applied heretofore. Our 
data show that introduction of amino acid changes with 
the aid of different amber suppressor tRNAs is promising 



when a quantitative evaluation of mutant protein expres- 
sion is not necessary. Moreover, the system used by us 
to obtain the mutant alkaline phosphatases can be 
applied for assessing the specificity of unidentified amber 
suppressors by analysis of the mutant alkaline phos- 
phatase N-terminal amino acids. This is technically 
simpler than determination of the 10th amino acid in 
the E. coli dihydrofolate reductase, whose gene with 
amber mutation in this position is currently used for such 
purpose [13]. 

The study was done with financial support from the 
Russian Fund for Basic Research. 
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The cloning of the gene for staphylococcal nuclease 
A in the pIN-III-OmpA secretion vector results in a 
hybrid protein which is processed by signal peptidase 
I, yielding an active form of the nuclease that is se- 
creted across the cytoplasmic membrane (Takahara 

Jfoffw r i»?-; B A rr ' p " J - Gerlt ' J - A - Md l *°«y*> M.' 

(1985) J. Biol Chem. 260, 2670-2674). Using oligo- 
nucleotide-directed site-specific mutagenesis, we have 
constructed a set of mutants at the cleavage site area 
of the precursor hybrid protein designed to alter pro- 
gTessively the predicted secondary structure of the 
cleavage site. Our results show that processing be- 
comes increasingly defective as the turn probability 
decreases. These results are consistent with the struc- 
tural requirement that we found for the processing of 
lipoprotein by signal peptidase II (Inouye, S., Duffaud 
G. and Inouye, M. (1986) J, Biol Chem. 261, 10970- 
10975). We conclude that secretory precursor proteins 
have a distinct secondary structural requirement at 
their cleavage site for processing by signal peptidase 
I, as well as by signal peptidase II. 



Secretory proteins are usually synthesized as precursors 
containing an extra amino-terminal extension termed the 
signal peptide (Watson, 1984). During protein secretion across 
the cytoplasmic membrane of Escherichia coli f specific pro- 
teases are required for the removal of these peptide exten- 
sions. These proteases are called signal peptidases; and in E. 
coli, two have been shown to be responsible for processing of 
all secretory precursors: signal peptidase I (leader peptidase) 
(Wolfe et al., 1982) and signal peptidase II (Husain et al., 
1980). All secretory proteins but lipoproteins are processed by 
signal peptidase I. Lipoproteins are processed by signal pep- 
tidase II, which requires a lipid modification at the cleavage 
site of the precursor before processing (reviewed bv Wu 
(1987)). 

Prokaryotic signal peptides consist of approximately 20-30 
amino acid residues and do not show a significant sequence 
homology (reviewed by Duffaud et al. (1985)). However, they 
are organized in three discrete regions: 1) an amino-terminal 
region containing 1-3 positively charged amino acid residues; 
2) a hydrophobic sequence of 14-20 residues often punctuated 
by 1 or 2 proline and/or glycine residues; and 3) a cleavage 
site region usually joined to the hydrophobic region by a 
serine and/or threonine residue. The carboxyl- terminal end 
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of the signal peptide (cleavage site) is always an amino acid 
with a small side chain: serine, alanine, or glycine. This 
feature at the cleavage site has been shown to be essential for 
the processing of the precursor of the major outer membrane 
lipoprotein of E. coli (Pollitt et al., 1986). Only two amino 
acids could replace the glycine at the carboxyl terminus of the 
signal peptide: alanine and serine. Substitution by threonine 
valine, or leucine resulted in defective processing. Unlike the 
C terminus of the signal peptide, there is no amino acid 
favored at the N terminus of the mature portion of the 
secretory protein (Duffaud et al., 1985). An additional struc- 
tural feature has been described for the cleavage site: a high 
probability for a turn structure (Inouye et al., 1986) We have 
demonstrated that as the predicted turn probability at the 
cleavage site decreases, there is a hampering in the processing 
ot the precursor of the major lipoprotein of E. coli When the 
predicted turn structure was completely eliminated, the mu- 
tant precursor protein became totally defective in lipid mod- 
ification and processing. 

In this study, we attempt to examine whether signal pepti- 
dase I recognizes similar structural features at the cleavage 
site. For this purpose, we created several mutations that 
progressively diminished the probability for the formation of 
a turn structure at the cleavage site of the OmpA signal 
DeDtide. which U V nn W n Up j , 

- - > 1 — 1 w " vv> kx: piOcesoeu uy signal peptidase 

1. Analysis of these mutants showed that a similar structural 
feature at the cleavage site as required for signal peptidase II 
also exists at the cleavage site region of precursor proteins 
that are processed by signal peptidase I. 

MATERIALS AND METHODS 

Strain, Plasmid, and Medium— E. coli strain SB221 (lpp hsdR' 
ArrpES leuBG lacY recAl/F' lacV lac* pro*) (Nakamura et al 1982) 
was used as host for all plasmida in this study. Cells were grown as 
previously described (Inouye et al., 1982). Plasmid pIN-III-OmpA- 
#98 contains the nuclease A gene of Staphylococcus aureus fused with 
a linker to the OmpA signal peptide. The resulting protein is synthe- 
sized as a precursor which is processed by signal peptidase I and 
yields an active form of the nuclease which is exported to the peri- 
plasms space of E. coli (Takahara et al„ 1985). Plasmida derived by 
mutagenesis are described according to the following systematic rules: 
1) numbers always refer to the wild-type amino acid position and 
follow the described alteration; 2) substitution is indicated by the 
single-letter code name of the new amino acid; and 3) deletion is 
symbolized by the Greek capital delta (A) (Duffaud et al., 1985). In 
addition, plasmids derived from pIN-III-OrapA-#98 are named ac- 
cording to the localization of the mutation: A if it is in the OmpA 
signal peptide and N if it is in the mature portion of the hybrid 
protein. For example, one of the plasmids in this study has the proline 
residue at position 24 deleted and accordingly is termed pAN(A24) 
(see Fig. 1) (Lehnhardt et al., 1987). 

Oligonucleotide-directed Site-specific Mutagenesis— Oligonucleo- 
tides were synthesized on a Systec Microsyn-1450-DNA synthesizer 
by the phosphoramidate method and purified by preparative gel 
electrophoresis as previously described (Sinha et al. r 1984; Inouye and 
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Inouye, 1986). Site-specific mutagenesis was carried out with use of 
double-stranded plasmid DNA as template and has been previously 
described (Inouye and Inouye, 1987). The DNA sequence of the 
mutants was confirmed by sequencing them according to Sanger et 
ai (1977). The mutations obtained and the sequence of the oligonu- 
cleotides used for their construction are summarized in Fig. 1. 

Expression of Mutant Genes and Analysis of Protein Products— 
Pulse-chase labeling experiments were carried out as described pre- 
viously (Lehnhardt et ai, 1987). Immunoprecipitation was done using 
goat antinuclease sera, and the results were analyzed by SDS-PAGE 1 
using a 17% polyacrylamide gel (Inouye et ai, 1982). 

Some of the processed secretory proteins were sequenced, according 
to the Edman method, to determine the cleavage site. The labeled 
and immunoprecipitated protein products were electroblotted with a 
Sartorius Filter Holder™ from an SDS-PAGE experiment onto a 
polyvmyhdene difluoride membrane (Matsudaira, 1987). The prod- 
ucts were localized on the polyvinylidene difluoride membrane by 
autoradiography, and the membrane was cut accordingly. The piece 
of membrane with the absorbed protein product was processed di- 
rectly through the manual Edman degradation reactions, adapted by 
us for this particular case (Konigsberg, 1967). The degradation prod- 
ucts were counted by scintillation after each cycle of reactions. 

RESULTS 

Design of Mutations at Signal Peptide Cleavage Region— 
The gene coding for the OmpA- nuclease hybrid was con- 
structed by cloning the nuclease gene into a high expression 
secretion vector, pIN-III-ompA3 (Takahara et al., 1985). The 
hybrid protein produced by pIN-III-OmpA -#98 consists of the 
signal peptide of the OmpA protein, a major outer membrane 
protein, fused to nuclease A of S. aureus. It has been shown 
that the OmpA signal peptide is accurately processed by signal 
peptidase I and that the resulting product is secreted into the 
periplasmic space. The secreted product contains 11 extra 
amino acid residues at the N terminus of nuclease A, resulting 
from the linker sequence between the OmpA signal sequence 
and the nuclease A. This peptide extension is underlined in 
Fig. 1. This hybrid protein is referred to here as "wild type," 
as opposed to the mutants derived from it. 

We analyzed the probable secretory structure of the hybrid 
by using the rules of Chou and Fasman (1978). The predicted 
a-heiicai and turn structures are shown in Fig. 2A. The region 
immediately following the cleavage site shows a strong poten- 
tial for a turn structure, as in the case of the prolipoprotein 
(Inouye et ai, 1986). Thus, we designed mutations that would 
reduce this high turn probability in a stepwise manner. We 
first deleted the amino acids (proline and serine) which are 
known to be frequently found in turn structures (Smith and 
Pease, 1980). We also tried to increase further the probability 
for an a-helix at the cleavage site by substituting the glycine 
at position 22 by a lysine, which is frequently found in a- 
helical structures. The structures of the three designed mu- 
tants, pAN(A24), pAN(A24A25), and pAN(K22A24A25) are 
depicted in Fig. 1, and their predicted secondary structures 
are shown in Fig. 2 (B-D, respectively). These mutants were 
constructed using double-stranded DNA as template by oli- 
gonucleotide -directed site-specific mutagenesis as described 
previously (Inouye and Inouye, 1987), The sequences of the 
oligonucleotides used are shown in Fig. 1. All the mutations 
were confirmed by sequencing via the dideoxy chain termi- 
nation method (Sanger et a/., 1977) (data not shown). 

Expression of OmpA- Nuclease Mutants— Since the gene for 
the hybrid protein is under the control of both the Ipp pro- 
moter and the lac promoter -operator, the expression of this 
gene can be induced in E. coli SB221 by adding isopropyl-1- 
thio-£-D-galactopyranoside (IPTG), a lac inducer, to the cul- 



1 The abbreviations used are: SDS-PAGE, sodium dodecyl sulfate- 
polyacryl amide gel electrophoresis; IPTG, isopropyl-tf-D-thiogalac- 
topyranoside. 
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Wild type 

+ 15 | 

nc^cr^rrrrl^^ ^1 MMpf wThrVfll Tvr<if rAuff 

TTCCCTACCGTACCCCACCCC CGAATTCCAAGCTTGGATCCAACACTATATACTGCAACT 
A24 j 

PheAUThrValAlaClnAla ClylleOSerUuAspProThrV.lTyrSerAl.Thr 
GCC GGAATT ACCTTGGAT 

PheAUThrValALClnAL ClylleOO^^pProThrValTyrS-rAlmThr 
AGGCC CCCATT TTGCATCCAA 

K22A24A25 ; 

Ph.ALaThrValAlaClnAU <©Il.OO^uA.pProThrV.lT yrSerAl.Thr 
CCACCCC AACATC TTGCAT 

K22 | 

Ph «Al»ThrValAUGlnAU@Il.ProS«rUuA S pProThrV.lTyrSerAUThr 
CCCAGGCC AAGATTCCA 

Fig. l. Sequences of cleavage region of wild-type and mu- 
tant OmpA-nucIease hybrid protein. Amino acid sequences at 
the cleavage region of the wild-type and mutant precursor proteins 
are shown from position +15 (the amino-tenninal methionine is +1) 
to position +34. A circled space indicates a missing amino acid in the 
deletion mutants. A circled Lys indicates a lysine substituted from 
the wild-type sequence. The nucleotide sequence of the region is 
indicated under the wild-type region. The nucleotide sequences shown 
under the mutant proteins are those of the synthetic oligodeoxyribo- 
nucleotides used in their mutagenesis. The arrows indicate the cleav- 
age sites. 
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Fig. 2. Predicted secondary structures of OmpA -nuclease 
hybrid from pIN- III- OmpA -#98 and of its mutant derivatives. 

Secondary structures were predicted for the wild-type hybrid (A) t 
mutant A24 {£), mutant A24A25 (C), and mutant K22A24A25 (D) 
according to Chou and Fasman (1978). Amino acid sequence refers 
to the precursor hybrid protein with the amino terminus methionine 
residue being +1. The solid lines represent the probability for an a- 
helical structure. The clotted lines represent the probability for a turn 
structure. The dashed lines represent the probability for the turn 
structure of the wild- type hybrid, compared to the mutant for the 
predicted turn structure. The arrows indicate the signal peptide 
cleavage sites. Parts of the amino acid sequences around the cleavage 
sites are 9hown in each case and are aligned with the arrows. The 
changes from the original sequence are indicated by a box for substi- 
tution or by a triangle for a deletion. 

ture medium. All the mutants were found to produce active 
nuclease when induced. However, one mutant was found to 
be lethal; E. coli SB221 carrying pAN(K22A24A25) was not 
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capable of forming colonies above 30 °C on L-broth plates 
containing IPTG at 2 mM. The other mutants were able to 
form colonies at all three temperatures tested (30, 37, and 
42 °C). This result suggested that the product of 
pAN(K22A24A25), albeit an active nuclease, was toxic to the 
host, probably by accumulating the enzyme inside the cell 
and/or by accumulating the unprocessed precursor in the 
membrane. 

Pulse-Chase Experiment— A pulse-chase experiment of the 
wild-type hybrid and of mutants A24, A24A25, and 
K22A24A25 was performed at 37 °C, as shown in Fig. 3. Cells 
harboring the wild-type plasmid (#98) or one of its mutant 
derivatives were grown to a klett reading of 50 and were then 
induced for 10 min with IPTG. The cells were then pulse- 
labeled with [^S] methionine for 30 s. After the pulse labeling, 
the cells were chased with nonradioactive methionine for 30 
s, 60 s, 90 s, 2 min, and 5 min. The reactions were stopped by 
addition of cold trichloroacetic acid, and the nuclease proteins 
were immunoprecipitated and analyzed by SDS-PAGE. 

It is clear from Fig. 3 that processing of the mutant proteins 
is slower in all cases than processing of the wild-type protein, 
with the effect being particularly marked for mutant 
K22A24A25, which even after 5 min, has less than 50% of its 
precursor protein processed to the mature form (lane 24, 
arrowhead b). Furthermore, it is evident that the rate of 
processing seems to be reduced for each new alteration added 
to the wild- type protein, as can be seen when comparing lanes 
3 (wild type), 9, (one deletion), 15 (two deletions), and 21 
(two deletions and one substitution). We determined the half- 
life of each precursor protein by calculating the ratio of 
precursor to mature form in each lane after densitometric 
measurement of each band. The estimated half-lives are found 
to be as follows: 30 s, #98; 50 s, A24; 120 s, A24A25; and >5 
min, K22A24A25. This progressive decrease in the rate of 
processing can be correlated with the decrease in the proba- 
bility for a turn structure at the cleavage site, as shown in 
Fig. 2. 

The dramatic effect observed in the processing rate of 
mutant K22A24A25 may probably explain its lethal effect at 
37 and 42 "C. It is likely that the mutant hybrid protein can 
still be translocated across the cytoplasmic membrane but not 
processed, remaining attached to the membrane. Accumula- 
tion of such unprocessed precursor molecules in the cyto- 
plasmic membrane has been shown to be lethal to the cell 
(Inouye et a/., 1983). 

It is possible that the alterations introduced in the primary 
structure of the hybrid protein could have affected the proc- 
essing of the mutant protein by changing the location of the 
processing site. To address this possibility, we performed an 



Edman protein degradation of the labeled and processed 
products of the wild-type plasmid (pAN) and the 
pAN(K22A24A25) mutant labeled with [ 3 H]isoleucine. In 
both sequenced proteins, a distinct peak appeared at the 
second cycle, indicating that both the wild-type plasmid and 
the pAN(K22A24A25) mutant are processed at the expected 
cleavage site (Table I). 

Effect of Mutant pAN(K22)— The dramatic effect brought 
by the substitution of a glycine at position 22 by a lysine in 
mutant A24A25 led us to investigate the role of this particular 
position. It is quite possible that replacing the glycine with a 
lysine residue might make the cleavage site less recognizable 
by signal peptidase I; for example, a bulky side chain at that 
position could "hide" the site. In order to examine this pos- 
sibility, we constructed mutant K22. The individual structural 
contribution of K22 can be estimated by the rules of Chou 
and Fasman (1978) as done above. A lysine at position 22 
contributes to the overall decrease in turn probability close 
to the cleavage site. However, the probability for an a-helix 
after the cleavage site does not increase as much as for A24 
(data not shown). Overall, the structural effect of K22, if any, 
might be comparable to the effect of A24. Thus, K22 might 
have a potential for affecting processing in two ways: an 
accessibility factor for the peptidase and a structural recog- 
nition effect. 

The result of a pulse-chase experiment on mutant K22 is 
shown in Fig. 4. It is clear that mutation K22 by itself does 
not alter significantly the rate of processing (compare lanes 1 
and 2 with 7 and 8, respectively). Thus, the effect of K22 can 
be exerted only when it is combined with A24A25. This result 
also suggests that the nature of the amino acid at the N 
terminus of the cleavage site is not essential for recognition 
by signal peptidase I of the cleavage. However, it should be 

Table I 

Edman degradation of the pAN(K22b24b25) product 
A 5-ml volume of cell culture at mid-log phase was induced with 
IPTG for 3 min. At that point, 200 y\ of [ 3 H]isoleucine were added 
(32 Ci/mmol, 1 mCi/ml). After a 25-min incubation, the cells were 
treated as described in the text, and the plasmid protein products 
were immunoprecipitated and electroblotted from an SDS-PAGE 
experiment to a polyvinylidene difluoride membrane. The membrane 
was cut, and the absorbed proteins were manually sequenced by the 
Edman method (details in text). The values represent the average 10- 
min counts after background counts were subtracted. 



Cycle 


pIN-III-OmpA-#98 


pAN(K22A24A25) 


First 


22 


3 


Second 


235 


102 


Third 


11 


0 


Fourth 


24 


32 




Fig. 3. Immunoprecipitates from pulse-chase experiments 
at 37 °C of mutants A24, A24A25. and K22A24A25. E. coli 
SB221 harboring pIN-III-OmpA-#98 or the mutant plasmid was 
pulse-labeled with [ M S]methionine and chased at different intervals 
of time, as described in the text. The induction time was 10 min. The 
pulse time {lane P) was 30 s followed by a chase at 30 s {upper lane 
1), 60 3 {upper lane 2), 90 s {upper lane 3), 2 min {upper lane 4), and 
5 min {upper lane 5). Lanes IS refer to the wild-type hybrid, lanes 
7-12 to mutant A24, lanes 13-18 to A24A25, and lanes 19-24 to 
K22A24A25. The mature and precursor proteins are indicated by 
arrowheads a and b, respectively. 



W ILD TYPE K22 
P1 23451P1 234 5 




1 2 3 4 5 6 7 8 9 10 11 12 

Fig. 4. Immunoprecipitates from pulse-chase experiment at 
37 °C of mutant K22. E. coli SB221 harboring pIN-III-OmpA-#98 
or the mutant plasmid was pulse-labeled with [^S] methionine and 
chased at different intervals of time, as described in the text. The 
induction time was 10 min. The pulse time {lane P) was 30 s, followed 
by a chase at 30 s {upper lane 1 ), 60 s {upper lane 2), 90 s (upper lane 
3), 2 min {upper lane 4), and 5 min (upper lane 5). Lanes IS refer to 
the wild-type hybrid and lanes 7-12 to mutant K22. The mature and 
precursor proteins are indicated by arrowheads a and 6, respectively. 
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Recognition requirements for processing by signal peptidases 
The data presented in this report are summarized below along with th* r*«n\t* u u 

requirements of signal peptidases as discussed throughout the tot X kn ° Wn aboUt the 
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Signal peptidase 



Structural requirement 

Primary structural requirement 
C terminus of signal peptide 
NH 2 terminus of mature portion 

Specific sequence 

Other 



Turn 



Gly, Ala, a Ser 
Not apparent' 
Not apparent 
Not known 



Turn 

Gly, Ala (Ser)* 
Cys 

Leu-Leu-AIa-Gly|Cys d 
Lipid modification at 
N terminus Cys 



^The most frequently found amino acid residues are underlined ' : 

at tSS&g Xtnel t0 m liP0Pr0tein9 ' but ~ *™ ^ be tolerated when subst.uted 

^Possibly dependent on satisfying the structural requirement 



pointed out that the N-terminal amino acid of the mature 
secretory protein can be altered only as long as the overall 
structural requirement remains satisfied. 

DISCUSSION 

Processing of secretory precursor proteins by signal pepti- 
dases takes place at a precise site, although there is no 
consensus sequence in the primary structure of the signal 
peptide. In this regard, signal peptidases are unique among 
peptidases and proteases, which generally require specific 
primary sequences to recognize their cleavage sites. The ques- 
tion is then how signal peptidases are able to recognize the 
processing site of the signal peptide. A secondary structural 
requirement for a turn structure was proposed in the case of 
the lipoprotein which is processed by signal peptidase II 
(Inouye et ai } 1986). In this work, it was shown that the 
probability for a turn at the cleavage site could be decreased 
by amino acid substitution in the mature portion of the 
protein, and this resulted in a reduced rate in the lipid 
modification and processing of the lipoprotein precursor. 
Based on these facts, it is possible to think that a similar 
structural requirement exists for the recognition by signal 
peptidase I. Actually, examination of several precursor pro- 
teins according to the rules of Chou and Fasman (1978) 
showed a high probability for a turn structure at the cleavage 
site of proteins processed by signal peptidase I; an example is 
given in Fig. 2A for the hybrid protein OmpA -staphylococcal 
nuclease A, which is processed by the same signal peptidase. 
In order to test if a turn structure is also required for signal 
peptidase I, three mutations have been created on the mature 
portion of the OmpA-nuclease hybrid. The mutations were 
designed to alter progressively the predicted turn structure at 
the cleavage site, as shown in Fig. 2 (B-D) for mutants 
pAN(A24), pAN(A24A25), and pAN(K22A24A25), respec- 
tively. The most severe effect is observed in the processing 
rate of the pAN(K22A24A25) mutant, which had a lethal 
effect on the cell when expressed at 37 or 42 *C (see Fig. 3). 
It should be emphasized that the severe effect observed for 
mutant K22A24A25 is not due to the substitution of glycine 
at position 22 by a lysine. This mutation by itself does not 
have an effect, as seen in Fig. 4. The K22 mutation, as a 
"silent" mutation, becomes lethal only when combined with 
another mutation that might not be lethal by itself either, as 
is the case with mutant A24A25. The results presented here 
are consistent with the prediction that signal peptidase I also 



has a turn structure requirement at the cleavage region of the 
precursor protein, as is the case for signal peptidase II (Inouye 
et aL, 1986). Thus, the alterations introduced in the OmpA- 
nuclease protein affected processing of the precursor by dis- 
rupting its secondary structure without changing the actual 
cleavage site. 

A structural requirement for a turn at the cleavage site for 
both peptidases is also consistent with the proposed loop 
model for protein secretion (Inouye et a/., 1979; Inouye and 
Halegoua, 1980). In this model, the signal peptide forms a 
loop during its insertion in the membrane at the cleavage site. 
It is conceivable that the loop structure at the cleavage site is 
exposed to the outside of the cytoplasmic membrane, where 
signal peptidase I was shown to be located (Wolfe et al., 1982). 
The loop could well generate a turn structure that could be 
recognized by a signal peptidase. 

From the results presented here and other known properties 
of signal peptidases I and II also discussed here, it is possible 
to summarize their requirements, as shown on Table II. Signal 
peptidase I requires a turn structure at the cleavage site, in 
addition to a small side chain amino acid residue (Gly, Ala, 
and Ser) at the N terminus of the signal peptide. Signal 
peptidase II, in addition to the same requirements as signal 
peptidase I, requires a specific primary sequence at the cleav- 
age site region. This unique sequence is required for the lipid 
modification, which is in turn required for the processing by 
signal peptidase II (reviewed by Wu (1987)). It is to be 
expected that the mature portion of a precursor protein will 
play a role in the processing and secretion of the protein. Our 
results are also comparable with previous reports. Bankaitis 
et al. (1984) have isolated pseudorevertants located in the 
mature portion of the protein that compensate for secretion - 
defective signal peptide mutations. Interestingly, the same 
signal peptide does not necessarily have the same effect if it 
is attached to two different proteins (Lehnhardt et al., 1987). 
We have reported the importance of a compatibility between 
the signal peptide and the secretory protein to generate the 
appropriate structure required for the processing by a signal 
peptidase (Inouye et al. t 1986). We have also shown that the 
amino acid residue at the carboxyl terminus of the lipoprotein 
signal peptide can be Gly, Ser, or Ala, but not Thr, Val, or 
Leu (Pollitt et al., 1986). The carboxyl terminal alanine of the 
OmpA signal peptide can also be replaced by a glycine residue 
without affecting the processing rate of the precursor. 2 From 

2 G. Duffaud and M. Inouye, unpublished observations. 
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these results, signal peptidases can be described as a new class 
of proteases which primarily recognize the secondary struc- 
ture of a protein, namely a reverse turn structure. The cleav- 
age reaction will proceed if there is also a Gly, Ala, or Ser 
residue appropriately located in the specific turn formed by 
the looping precursor protein. 
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The translocation of secretory proteins across the endoplasmic 
reticulum involves the recognition and cleavage of an amino- 
terminal extension catted the signal sequence 1 . The structure 
of signal peptides appears to be ubiquitous in having a very 
hydrophobic central core 2 , so that the signal sequence in secre- 
tory proteins from one organism could possibly be recognized 
by the processing and transport apparatus of another. We there- 
fore wished to investigate whether a protein, or-amylase, one 
of several hydrolytic enzymes secreted from the aleurone of 
wheat into the endosperm during germination, could be pro- 
cessed and secreted in an active form from the yeast Sac- 
charomyces cerevisiae, secretion being dependent upon the 
plant signal sequence. Here, synthesis of a-amylase was by 
inserting a cDNA cione coding for the entire or -amylase struc- 
tural gene 3 into a yeast expression vector 4 . The a-amylase 
protein coded for by this gene fusion has the signal sequence 
located internally, not at the N-terminal end of the polypeptide. 
Nevertheless, it is processed and the processed form is secreted 
into the medium in an active form. There are potential industrial 
applications for yeast that secrete a functional a-amylase. 

A previously isolated cDNA done for a wheat a-amylase 
gene was inserted into a yeast expression vector as shown in 
Fig. la. The yeast expression vector pMA230 codes for the 
phosphoglycerate kinase (PGK) promoter as well as the first 12 
amino acids of the PGK polypeptide 4 . The a-amylase cDNA 
was constructed using the dG/dC homopolymer tailing method 
1 nd cloned into the Pstl site of pBR322 : \ The plasmid 2128 
contains the entire protein-coding sequence as well as 5' and 3' 
untranslated regions. The insertion of the cDNA codine for the 
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a-amylase gene into the single BamHl site of pMA230, making 
the plasmid 520 (Fig. la), creates a hybrid gene coding for a 
translational fusion product as shown in Fig. 16, From the 
sequence of the a-amylase gene (C.M.L., unpublished results), 
the polypeptide synthesized will have a total of 38 extra amino 
acids at its N-terminal end, coded for by the PGK gene, the 
normally untranslated a-amylase leader (in which there are no 
nonsense codons), the dG/dC homopolymer tail and DNA 
linker fragments (see Fig. 16). The a-amylase signal peptide is 
therefore not at the N-terminal end of the polypeptide. 

Another plasmid (528) was constructed in which the dG/dC 
tails, the 5' untranslated region and almost all of the signal 
peptide coding region were deleted (Fig. la). As shown in Fig. 
1 b, the polypeptide coded for by 528 should be 23 amino acids 
longer than the wild-type mature wheat a-amylase. Plasmid 
521 (Fig. la) is the same as plasmid 520 except that the 
a-amylase gene was inserted in the wrong orientation to be 
transcribed by the PGK promoter. Yeast cells carrying this 
plasmid were used as non-a-amylase producing strains. 

Yeast cells transformed with the plasmid 520 were labelled 
with 35 S-methionine, the intracellular protein was isolated, 
imrnunoprecipitated with anti-a -amylase serum and elec- 
trophoresed on a SDS-polyacrylamide gel. Two distinct poly- 
peptide bands can be seen on the resulting autoradiograph shown 
in Fig, 2a, The larger polypeptide has an apparent molecular 
weight (MW) of 49,000 which is the expected value for the 
predicted fusion protein coded for by 520. The smaller polypep- 
tide is the processed form of the 49,000-MW protein (S.J.R., 
unpublished results) and is almost identical in molecular weight 
to mature in vivo labelled wheat a-amylase (42,000 MW), 
although the mobilities of the two differ slightly (Fig. 2b, tracks 
A, B), This small difference may be caused by differences in 
other post-translational events such as methylation or glycosyla- 
tion. When ceils transformed with the plasmid 528 were labelled 
w:th J5 S-methionme a single polypeptide of the expected 
molecular weight (44,400) was imrnunoprecipitated by anti-a- 
amylase serum. As expected since the signal peptide is absent, 
no cleavage to a smaller protein is seen (Fig. 2c). The incorpor- 
ation of label into a-amylase in ceils carrying plasmid 528 is 
considerably greater than that seen for cells containing plasmid 
520. To demonstrate that this is not due to a general increase 
in incorporation of the label into protein, the p subunit of the 
yeast mitochondrial ATPase was co-immunoprecipitated witn 
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. Fig- 1 Plasmids constructed to 
analyse a -amylase synthesis in yeast 
r a, A Pstl fragment from plasmid 
212S I ref. 3) coding for the wheat 
a-amylase gene was ligated into the 
vector pUC7 ( ref . 7) to make 501. 
There are two BamHl sites in pUCT. 
with a single site in the a-amylase 
gene (C.M.L.. unpublished results) 
A partial BamHl fragment was iso- 
lated from 501 and inserted into the 
single BamHl site of pMA230 {ref. 
4). PlasmiG 520 is an insertion in the 
correct orientation for transcription 
and correct reading frame for trans- 
lation of the a-amylase gene by 
the yeast phosphoglycerate kinase 
(PGK) gene, while the a-amylasc 
gene is invened with respect to the 
PGK promoter in 521. Theconstruc- 
lion of 528 involved the deletion of 
the dG/dC homopolymer tail, the 5 
untranslated leader and most of the 
signal peptide as follows there is an 
Rsa \ site 302 base pairs (bp) from 
the Pstl site at the 5' end of the 
o-amylase sequence in 501 (C.M.L., 
unpublished results). This Pstl-Rsal 
fragment was isolated and partially 
digested with Haelll. There are 
three Haelll sites in this fragment 
— 10 bp apart, with the largest 
Haelll-Rsal fragment being 75 bp 
long. This partial digest was ligated 
with Smal-cleaved pUC9 (ref. 7} 
and after transformation, a plasmid 
was isolated having the largest 
HaeUl-Rsal fragment inserted into 
. pUC9, The restriction map of this pU 'r 9 seq 

plasmid (525) at the sequence of 

- interest was found to be the following: BamHl (from pUC9)-SmaI/HaeIII (junction site)-HinfI (o-amylase)-/?wI/SmaI (junction site)- 
EcoRl (pUC9). The Hinil site is 55 bp from the Haelll site. The reconstruction of the entire a-amylase gene involved isolating the 
BamHl-Hintt fragment from 525 and the Hinfl-EcoRl fragment from 501 and ligating the two with BamHl plus EcoRI-cleaved pUC9 in 
a triple ligation to make 526. The partial BamHl fragment coding for the o-amylase gene was isolated from 526, and inserted into pMA230 
giving 528, which has the a-amylase gene in the correct reading frame to be translationally fused with the PGK protein. The strain MC1022 
(ref. 8) was used for the transformation involving pUC 7 and pUC9. MC106! (ref. 8) was used for a!! other transformations. Symbols: P, Pstl; 
H, Haelll; F, H/nfl; R, Rsa\; B, BamHl; E, EcoKl; •* , direction of transcription of the PGK promoter. Note thai the only Haelll and Rsal 
cleavage sites shown are those used in the construction. i\ Predicted a-amylase translation products coded for by plasmids 520 and 528. Tne 
amino acid sequence at the N-terminal end of the a-amylase polypeptides coded for by 520 and 528 are derived from the DNA sequences 
of pMA230 (ref. 4), various linker fragments (refs 4, 7) and of the a-amyiase gene from 2128 (C.M.L., unpublished results). The latter sequence 
includes the dG/dC homopolymer tails and the 5' untranslated region as well as the normal protein coding sequence. The site of cleavage of 
the wheat a-amylase signal peptide is predicted from the known cleavage site of the barley enzyme whose DNA sequence in this region is 
identical (P. Chandler, personal communication). 
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a-amylase as an internal control (Fig. 2b, c). The cytoplasmic 
a-amylase activity in cells containing plasmid 528 is about 10 
times higher than when 520 is present (data not shown). No 
detectable a-amylase was precipitated in cells transformed with 
plasmid 521. 

The cleavage of the polypeptide coded for by 520 to a size 
similar in molecular weight to the wild-type wheat protein raised 
the possibility that the yeast cell was also secreting the a- 
amylase. To examine this, yeast cells transformed with 520 were 
labelled with 35 S-methionine and then incubated with non- 
selective medium (YPDA) containing unlabeiled methionine. 
The protein in the medium and the intracellular protein were 
separately reacted with anti-a-amylase serum. As Fig. 2d shows, 
a radioactive polypeptide of the same molecular weight as the 
processed a-amylase was immunoprecipitated from the 
medium. Since the intracellular cytoplasmic fraction possessed 
both unprocessed and processed forms (as well as a third poly- 
peptide of intermediate molecular weight that was occasionally 
seen), while the extracellular medium fraction possessed only 
the processed polypeptide, the latter must have been secreted 
from the cell rather than appearing due to ceil leakage or 
rupture. One interesting phenomenon is that the secretion of 



the labelled polypeptides into the medium appears to be more 
efficient when the chase is carried out in rich medium rather 
than selective YGM medium. 

We needed to investigate whether the secreted a-amylase 
was functionally active. Yeast cells containing the plasmids 520, 
521 and 528 were therefore streaked on YPDA plates contain- 
ing 1 % starch. The plates were reacted with iodine vapour which 
stains starch purple. As Fig. 3 shows, yeast colonies containing 
520 had clear halos around them indicating degradation of the 
starch. There was also an occasional purple colony due to curing 
of the plasmid and subsequent failure to produce a-amylase. 
(Such colonies can arise because the plasmid was not maintained 
by selection on the rich medium.) In the case of yeast trans- 
formed with 528 and 521 there was no clearing, although when 
528 was present the starch underneath the colony and the 
colonies themselves turned purple much more slowly. This is 
presumably due either to slight leakage of the a-amyiase out 
of the cells or to cell rupture. There ts 10 times as much 
a-amylase in cells carrying 528 than in those bearing 520. even 
thoua'h the clearing zones are far larger for the latter. These 
results show that the wheat a -amylase :s secreted m a func- 
tional active form. No noticeable halo was seen around cells 
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containing 520 plated on selective medium (YGMi. This aerees 
with i less a -amylase polypeptide being immunoprecipitated from 
>OM medium than from a rich medium (see above) 

There are two main points about the secretion, of the wheat 
a-amylase in yeast. First, the wheat a-amvlase sienal peptide 
is recognized by the yeast-processing apparatus e\en though 
the signal peptide is not at the ^terminal end of the poivpept.de 
This process is slow, however (SJ.R. et al^ unpublished results) 
presumably because the signal peptide is somewhat buried The 
time taken to chase half of the labelled precursor to the mature 

Fig. I or -amylase polypeptides a 

synthesized in yeast transformed 

with plasmids 520 and 528, The vcast 

cells were labelled with - 5 S- 

methionine, the cells lysed. the pro- 
tein immunoprecipated w<th anti-o- 

amylase serum raised in rabbits 

against the purified wheal enzyme, 
and eiectrophoresed on SDS-poi\- 
acrylamide gels, a, 520 transformed 
ceils labelled for 30 min with J "S- 
methionme. b. Track A— 520 trans- 
formed ceils labelled for 30 min 
and then chased with uniabefied 
methionine for 90min t the 
protein being immunoprecipitated 
with anti-serum against a-amylase 
and the p subunit of the 
mitochondrial ATPase; track B, in 
vivo labelled wheat a-amylase 
immunoprecipuaied with anii-o- 
amylase serum; track C, labelled 



-LETTERS TO NATURE 



NATUPE VOL. PR u I 9s : 



form was about 30-60 mm. The second point that the pro- 
cessed protein is secreted into the medium in an active form 
I he amount of enzyme secreted was variable and within the 
range of 30-60% of total activity. These results are likelv to be 
of interest to the brewing industry since secretion of a-amylase 
from yeast cells is potentially useful in light Deer production 5 
^ east cells have already been shown to secrete animal secretorv 
proteins . The processing and export of a plant protein points 
to the general similarity of the eukarvotic secretorv signals and 
processing apparatus. ' " 
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either YPDA (a non-selective, medium containing 1% vcast extraci TA hirm \$ ] ™ e yCasl mcdia uscd wer = 

(selective medium containing 0.67% yeas, nitrogen base w/o am n acids 0° J T ' T 2 ° V "J" W Y ° M 

protests were transformed essentially as described bv Hinnen « a!.\ cl li "own 1 M -o , i/ypm ' ^ ^ 

tiCt 3 S-methiomne in a volume of 200 ul The intneeii„i,r n,,,., i 5 10 a «ixi-0-5 m YGM and then labelled with 10-20 

zymolyase 60,000 in an 80-m.I volume „ in ZT', X: ™. mak '"6 .protoplasts from the labelled veust cells with 
of 1 ml of 1% Triton and 0.15 M NaCI.' 01^0^1^™^! ™' rLT'lV" * T'° SDS and boilin 8 for 3 min - Afler «he addition 
Immunoprecipitations were carried ou. a prev ous y dLS' The nZZ ' "T^T l °' 15 m,n 1,1 an E PP endorf 
fluoresced using the PPO-DMSO method" and dned for 1 , n rL „ Th \ pTOC1K f^.rophoresed on 10% SDS-polyacrvlamide gels' ; , 
embryo-less seeds for 36 h in 20 mM sod urn ace a e^H ) '^M £ 0 - '£ IT' T^T" P ^ by ' firS < inCubatin S 
layer was scraped away from the endosperm and 10 a"urc „« I e^nSed'for 5 h w^ 1 OO^c" , gibberellic acid. The aleurone 
was isolated by grinding the tissue with sand in 2% SDS and then bo l,no fnr s t n i ^5' S - methl0nin e. The aleurone protein 

was immunoprecipitated as above. he " b °' lm8 f ° r 5 mm ' Af(er moving the debris, by centrifugation the a-amylase 




Fig. 3 Yeasts transformed with piasmids ^ and c ^<i ■ a ' ~~ 

After colony growth. , he plates were inverted onto' beakers'i; inVilnin "ni vi T % ' PDA agdr containin 8 1 % soluble starch and 1 m.M CaC. 
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Trypanosomes which parasitize mammals have evolved 
mechanisms to evade immune attack, such as the occupation 
of 'safe' intracellular sites (for example, Trypanosoma cruzi), 
or antigenic variation, exemplified by the salivarian trypano- 
somes (for example, Trypanosoma brucei). Antigenic variation 
is mediated by sequential expression of single variant surface 
glycoprotein (VSG) genes, and often involves transposition of 
the active gene Every VSG transcript examined shares the 
same 5' terminal 35-nucleotide leader sequence 7,8 . In T. brucei, 
this leader is encoded within a 1.4-kilobase unit tandemly 
reiterated to form a large array 910 . It is hypothesized 10 that 
this array is distantly linked to the expressed VSG gene and 
functions as a multiple promoter of VSG gene transcription, 
restricting transcription to that gene which, through genomic 
rearrangement, is placed downstream from the array. Leader 
and structural gene sequences are presumably juxtaposed by 
RNA splicing. Here we show that several trypanosomatids, both 
those which undergo antigenic variaton (Trypanosoma con- 
golense and Trypanosoma vivax) and those which do not (7. 
; cruzi and Leptomonas collosoma), contain reiterated sequences 
homologous to the T. brucei spliced leader (SL). These results 
: suggest that the SL, although utilized in VSG gene expression, 
is an ancestral sequence also used in the expression of other 
j trypanosomatid genes. 

We have examined several genera of Trypanosomatidae and 
several species of Trypanosoma for sequences homologous to 
I the T. brucei SL by Southern analyses. Figure 1 shows restriction 
■ enzyme-digested DNAs hybridized with an end-labelled probe 
complementary to 22 residues of the 35 nucleotide SL. The 
probe hybridizes to 1.4 kilobase (kb) fragments in each of the 
■ brucei subspecies (lanes 2-4) and to a 1.5-kb fragment in 
the closely_related species T. equinum (lane 1). Most of these 
1-4 (or 1.5) kb units, each containing one SL sequence, are 
directly and tandemly repeated 9,10 . In lanes 5-7 respectively 
the probe detects one major fragment in DNAs from T. vivax 
f 770 base pairs, bp), T. congolense ( 840 bp) and L collosoma 
'n40 bp), while in the complete digest of T. cruzi DNA Clane 
.8 1 it hybridizes to a series of fragments whose sizes are multiples 



Fig. 1 Identification of genomic sequences homologous to the T. 
brucei VSG mRNA SL in several genera of Trypanosomatidae 
and several species of Trypanosoma. Lane 1. T. equinum, IHRI 
25; lane 2, T. b. gambiense, Treu 1257. VAT L2 W - lane 3 T. b 
rhodesiense, ILRAD 1799; lane 4, T. b. brucei, IsTaR 1 VAT 
1.11 ; lane 5, T. vivax, ILRAD 1819, 5^11; lane 6, T. congolense. 
ILRAD 1180, PvulU lane 7, 7. cruzi; iane 8, L. collosoma, ATCC 
30261; lane 9, H. muscarum, ATCC 30260; lane 10, P. davidi, 
ATCC 30287; iane 11, L. tropica, KIH strain 173; lane V C 
f^ciculaia, ATCC 1 1 745. The hash marks indicate A -HindUl and 
<PXJ74-//aeIII DNA size standards of 23, 9.6, 6.6, 4.4 2 3 2 0 
1.4, l.l, 0.87 and 0.60 kb respectively. 

Methods: DNA was isolated 16 , cleaved with the indicated restric- 
tion enzyme, size fractionated on a 1.0% agarose gel and transfer- 
red to a nitrocellulose membrane. This blot was hybridized with 
a synthetic 5'-[ 32 P]-end-labeiled probe 9 complementary to 22 of 
the 35-nucleotide T. brucei brucei SL. Hybridization was for 18 h 
at 37 °C in 5 > SSPE (0.9 M NaCl, 0.05 M NaH,P0 4 0 005 M 
Na 2 EDTA, pH 7.4), 0.25% Sarkosy] with 2 >: 10 6 c.p.m. of probe 
per m\of hybridization solution. After hybridization, the blot was 
washed twice a; 20 °C and twice at 37 5 c in the same solution. All 
restriction digests were with Taql except where indicated. 

of 650 bp. Longer autoradiography of lanes 9-12 (not shown) 
reveals slight but discrete hybridization to Herpetomonas mus- 
carum, Phytomonas davidi and Leishmania tropica DNAs, 
indicating that these genomes also contain a sequence related 
to the T. brucei SL. 

Surprisingly, two trypanosomatids which do not undergo anti- 
genic variation and which are only distantly related to T. brucei, 
namely T. cruzi (Fig. 2a) and L. collosoma (Fig 2b), show the 
most related organization of SL sequences. Lane 1 of Fig. 2a, 
b shows complete DNA digests with Banll and Ta^I respec- 
tively. The SL probe hybridizes to a 650-bp fragment in T. cruzi 
and to a 640-bp fragment in L. collosoma. Partial digestion with 
these enzymes (Fig. 2a, b, lane 2) reveals a ladder of fragments - 
whose sizes are multiples of the monomer size, demonstrating 
that, as in T. brucei, the monomers are directly and tandemly 
repeated. When these DNAs are digested with'enzvmes which 
do not cleave the monomer (null restriction, lane 3 i hybridiz- 
ation is primarily to the intact tandem arrav, although'several 
smaller fragments are also detected. In T. brucei 9 the majority 
of such fragments are orphons 11 , that is, dispersed from the 
array of tandem repeats. 

The organization of SL sequences is more complex in T. vivax 
and T. congolense. Complete Sstll digestion of T. vivax DNA 
(Fig. 2c. lane 1) produces a 770-bp fragment plus several frag- 
ments which hybridize less strongly with the SL probe. At least 
some of these 770-bp fragments are organized in direct tandem 
repeats since partial 55/11 digestion (Fig. 2c. Iane 2) liberates 
multiples of the 770-bp unit up to the heptamer. at which point 
the pattern is obscured by other fragments. In addition to larger 
fragments, the complete Hinil digest (Fie. 2c, iane 3) liberates 
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li olvement of the Golgi apparatus in the secretion 

of a-amylase from gibberellin-treated barley aleurone cells 

F. Gabler 1 *, J.V. Jacobsen : and A.E. Ashford 1 

School of Botany, University of New South Wales. P.O. Box 1, Kensington. N.S.W. 2033, and 
-CSIRO Division of Plant Industry. Canberra. A.C.T. 2601, Australia 



A! .tract. Localisation of a-amylase (EC 3.2.1.1) in 
bi aleurone cells treated with gibbereilic acid 
has been achieved using protein A-gold-labelled 
polyclonal antibodies. Gold particles were located 
almost exclusively over the lumen of the rough en- 
doplasmic reticulum and cisternae of the Golgi ap- 
paratus. The label was most concentrated over the 
Golgi apparatus. This indicates that the Golgi is 
involved in the secretion of a-amylase protein from 



a 1 



irone cells. 



K words: Aleurone - a- Amylase - Gibberellin 
and amylase secretion - Golgi apparatus - Hor- 
deum (a-amylase secretion) - Protein secretion. 



Introduction 

In all cases examined, the intracellular transport 
puhway for protein destined to be secreted from 
i .iinal cells involves the Golgi apparatus (see Far- 
utihar and Palade 1981 and Kelly 1985 for re- 
views). In higher-plant cells, although the Golgi 
is known to be involved in transport of newly syn- 
thesised storage protein into protein bodies in bean 
cotyledons (see Greenwood and Chrispeels 1985), 
there is no direct evidence of Golgi involvement 
in transport of protein that is secreted from the 
cell. This lack of evidence arises primarily from 
e scarcity of plant ceils which secrete large 
^. mounts of protein and are well characterised. 

The best-studied protein-secreting tissue of 
plants is the barley aleurone layer, which is stimu- 
lated by gibbereilic acid (GA 3 ) to synthesise and 
secrete a number of hydrolytic enzymes, that are 
normally involved in mobilisation of endosperm 

* To whom correspondence should be addressed 

"nrenunofu: ER = endoplasmic reticulum: GA 3 = gibbereilic 
:d: PBS = phosphate-buffered sanne 



reserves during germination (for recent reviews, see 
e.g. Ashford and Gubler 1984; Jacobsen 1984). 
The synthesis of a-amylase, the most abundant of 
these proteins which comprises some 50% of newly 
synthesised protein, has been intensively studied 
and there is now evidence that GA 3 regulates ex- 
pression of the a-amylase genes at the level of tran- 
scription (Jacobsen and Beach 1985). However, the 
intracellular transport pathway for a-amylase is 
still controversial. The unprocessed a-amylase po- 
lypeptide contains a signal sequence (Rogers and 
Milliman 1983; Chandler et al. 1984) and pulse- 
chase experiments have located newly synthesised 
protein in the microsomal fraction with a latency 
that indicates that the enzyme may be sequestered 
in the lumen of the endoplasmic reticulum (ER) 



1 OCTi 

X JKJL. f. 



observations 



taken together indicate that the ER is involved 
in the a-amylase transport pathway, but the route 
taken by the enzyme beyond this point is unclear. 
At least four possible pathways have been sug- 
gested, involving transfer via the cytosol (Jones 
1972), lysosomes (Gibson and Paleg 1976), ER- 
denved vesicles (Vigil and Ruddat 1973; Locy and 
Kende 1978; Pyliotis et al. 1979) or Golgi bodies 
(Jones 1969; Fernandez and Staehelin 1985). How- 
ever, none of these proposals has been supported 
by direct evidence. 

We have localised a-amylase in situ in sections 
of GA 3 -treated aleurone embedded at low temper- 
ature in Lowicryl K4M (Carlemalrn et al. 1982). 
using protein A-gold-labelled anti-a-amylase anti- 
bodies. This has enabled us to determine in which 
organelles the enzyme is located. 

Material and methods 

Preparation and incubation of aleurone layers. Aleurone layers 
were prepared from grains of Hordeum vulgare L. cv. Himala\a 



448 



F. Gublcr et al.: a-AmviaS 



.'is*'. 



(Washington State University, Pullman. Wash.. USA. 1979 
harvest) and incubated with 10"" M GAj in 0.01 M CaCI, 
at 25° C as described in Chrispeeis and Varner (1967) except 
19r) he aCetate buffer was omitted fsee -facobsen and Higgins 

Preparation and purification of antibodies. Barlev 2-amviuse was 
purified from the incubation medium of GA 3 -treated aleurone 
layers as described by Jacobsen and Hissrins (1982). Rabbit 
antibodies were prepared against the ^-amylase and purified 
by atfimty chromatography on an a-amvlase-Sepharose 4B col- 
umn as previously described (Higgins et al. 1982; Jones and Ja- 
cobsen 1982). Immunoreactivity towards the low- and hisjh- 
lsoelectnc-pomt groups of x-amylase isoenzymes was tested\v 
198^ OUblC " immUn0dlffUSIOn tCchnique < Jacobsen and Higgins 

Western blot. The specificity of the antibodies was checked bv 
the Western-blot technique of Towbm et al. (1979). An extract 
was prepared from isolated. 20-h GA 3 -treated aleurone lavers 
by homogenising the layers in 10" 2 M sodium-acetate buffer 
(pH 4.8) containing 10" 2 CaC! 2 (Chrispeeis and Varner 1067) 
and the insoluble fraction was removed bv centrifusation at 
10000- for 5 min. This extract and purified a-amyfase were 
each fractionated by gradient sodium dodecvl sulphate-poiv- 
acrylamide gel electrophoresis (12.5-25% acrvlamide). trans- 
ferred to mtrocedulose. and stained with anti-a-amvlase anti- 
bodies o ug-ml" ) followed by protein A-peroxidas'e (Towbm 
et al. 1979; Bittner et al. 1980). Stamins specificity was checked 
by a control, substituting the a-amvlase antibodies with rabbit 
anti-sheep immunoglobulin G serum, l-m-200 dilution (sup- 
plied by D. Spencer. CSIRO, Division of Plant Industry) 

Fixation and low-temperature embedding. Small strips 
(1 < 2 mm-) of isolated barley aleurone lavers" treated with GA 3 
for 16 h were fixed in 2% glutaraldehvde in 0.03 M 1,4-pipera- 
zmediethanesuffomc acid (Pipes) buffer (pH 7 5) and 
0.01 M CaCK for 3 h at 0° C. After fixation the tissue was dehv- 
drated m an ethanol series (25, 50, 75, 95. 100%) with progres- 
sive lowering of temperature to a final temperature of -20° C 

at 100°'n. nnd rhpn mtiltnt^ ,,,;»u r ? ^ <w ■ . 

... ^lvv* Aim i^uwiciM rv-f:vi ^nemiscne 

Werke Lowu Waldkraiburg, FRG) for 9 d at -20° C. Ratios 
of Lowicryl K4M components were 4 a crosslinker A ^6" 
monomer B:0.15 g initiator C. Tissue was embedded in Lowic~ 
ryl k4M in containers immersed in a liquid refrigerant bath 
at a resin temperature of appro*. -45° C. Poivmerisation was 
brought about by ultraviolet light in an atmosphere of nitron 
and special care was taken to prevent the larse temperature 
rise which occurs when Lowicryl K.4M is polvmerised under 
inadequate cooling conditions f Ashford et al. 1986). 

Immiinocvtochenustrv. The protein A-sold technique was used 
tor the immunocyiochemical localisation of >amvlase on thin 
sections (silver-gold). Monodispersc colloidal eold'f 15 am) was 
prepared by reduction of chloroauric acid (BDH Chemicals, 
Poole. UK) wuh trisodium citrate (Frens 1973) and was com- 
plexed with protein A (Pharmacia. Uppsala. Sweden) bv the 
method of Roth et al. (1978). Sections were mounted on car- 
bon-formvar-eoated copper grids and were pretreated bv float- 
ing on drops of phosphate-buffered saline (PBS: 0.01 VI sodi- 
um-phosphate buffer. pH 7.2. and 0.15 M NaCI with 0.2 ma- 
ml NaN 3 ) containing 20mg-mr l ovalbumin for 10 mm 
They were then incubated (again by floatina on drops) in PBS- 
Tween (0.01 M .odium-phosphate buffer. pH T .2. 0.5 M NaCI 
and 0.2% polyoxyethylenesorbitan monoiaurate [Tween 201 
with 0.2 mgmr : N' a N 3 } containing 20 ue-mr : x-amvlase an- 
tibody and 20 mg mr : ovalbumin for 1 h, Following incuba- 



secretion from GA-treated barley aleur 0ne ' 

non. the sections were rinsed by repeated immersion , n Pro 
Tween lor :> mm. transferred on to a drop of 20 ma-mr 1 
bumin in PBS for 10 mm. and then incubated o~n a dron^'" 
solution containing protein A-eold diluted in 5 mg-ml' 1 n °' 
bumin in PBS (A ;;s =0.05) for I h. Sections were then rm^ 
in PBS followed bv distilled water and allowed to dry a 
steps were done at 20° C. The sections were post-stained w Jh 
- 'o aqueous uranyl acetate followed bv 1.3% lead citrate an i 
examined in a Philips 300 electron microscope (Philips Einrlh 
ven. Netherlands) at 80 kV. ho ~ 
Specificity of staining was evaluated bv the following con 
trols. Sections were incubated wuh: 1) .-amylase antibody 
which had been previously absorbed with 50-fold excess of ami 
gen followed bv protein A-goId; 2) rabb.t ami-eoat immune" 
globulin G antibodies (Kirkegaard & Perry Laboratories" 
Gaithersburg. Md.. USA), followed bv protein A-eold- l{ 
butler (without antibody), followed by protein A-gold.^ ' 

Quantitation of unmunolabelling. The labelling densitv over var 
lous cellular organelles was measured by counting the number 
ot gold particles per unit area of that organelle profile in im 
munolabelled sections. The area of individual organelle profiles 
was measured wuh an Apple graphics tablet (Apple Computer 
Cupertino Lai.. USA) connected to an Apple lie compiurr 
and a carbon grating replica (2160 lines-mm" 1 - Agar Aids 
Stansted, UK) was recorded for calibration. Sections were 
taken from 2 aleurone layers (aleurone 1 and 2) and the data 
were recorded from a total of 135 micrographs each at 15600 x 
magnification. 
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Fig. 1. Analysis of antibody specificity bv the Western-blot 
technique. Purified barley a-amylasc and extracts from GA 3 - 
treated barley aleurone layers were immunoblotted with affini- 
ty-punlied anti-a-amylase antibodies, after sodium dodecvl sul- 
Jate-polyacrylamide gel electrophoresis and transfer to nitrocel- 
lulose. Purified x-amylase: lane I . stained with amido black: 
utnej, labelled with unti-jc-amylasc antibodies. Aqueous extract 
ol UAj-treated aleurone layers: lane J, stained with amido 
ohckijane-t. labelled with anti-s-amylase antibodies. Only a 
single band Utrn>\n was detected in the aleurone extract when 
oiotted with anti->dmylase antibody. This band co-misrated 
with ^amylase. In a control where replicates of lanes 2 and 
^were reacted with labelled rabbit anti-sheep immunoalobuim- 
O ^erurn there was no staining (not shown J 
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Fi«. 2 Y-D. Immunocytochemical localisation of s-amylase in barley aleurone cells treated with GA 3 for 16 h. Lowicryl K4M- 
jmbedded sections were stained for a-amylase using the protein A-gold technique. Because of the absence of post-fixation with 
:mum tetroxide. the membranes appear negatively stained. A The GA 3 -treated aleurone cells contained extensive rough ER 
::R). Goigi bodies (G) were also common especially around the ceil periphery. In this micrograph labelling is specifically associated 
Atih the rough ER lumen and regions adjacent to the Golgi body. Other organelles such as protein bodies (PB) and lipid 
bodies [L) had little or no label. B and C Micrographs of Golgi bodies (G) showing labelling over the cisternae. Note label 
over region of rough ER sectioned tangentially (ER). D Control section stained with only protein A-gold showing no labelling 
over the rough ER (ER). Note the non-specific staining of the nucleus (N). A, D x44000; B > 78000; C x 46000. Bars = 0.3 urn 



The preservation of GA 3 -treated aleurone cells, 
embedded at low temperature in Lowicryl K4M. 
was generally good. The ultrastructure was charac- 
teristic for GA 3 -treated tissue with extensive areas 
of rough ER and of wall digestion (Jones 1969). 
The membranes appeared negatively stained but 
the rough ER was readily recognisable by the rows 
of ribosomes. The immunocytochemical localisa- 
tion of a-amylase in GA 3 -treated aleurone cells 
using protein A-gold is shown in Fig. 2. High levels 
of labelling were present over the rough ER and 
Golgi bodies. In contrast, other organelles had 
very low labelling. In Fig. 2 A labelling over the 



ot 



1 



Results 



he specificity of the affinity-purified antibodies 
"reduced against barley aleurone a-amylase was 
tested by the Western-blot technique (Fig. 1). 
When blotted against a crude aleurone extract 
ct i from GA 3 -treated cells, the antibodies reacted only 
io | with the a-amylase band. They were shown by 
a | double immunodiffusion tests to be immunoreac- 
; d > tive against both low- and high-isoelectnc-point 

d j groups of a-amylase isoenzymes (data not lllus- 

ratedh as had been found bv Jacobsen and Hie- 
:ins (1982). 
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Table 1. Dcnsuy of immunolabciimg over organelles in GA r 
treated aleurone ceils (goid particles per urrr ^SD) 



A leu rone 


!a>er 1 


Aleurone i 


ayer 2 


Amylase 


Antigen- 


Amylase 


Antigen- 


antibody 


absorbed 


antibody 


absorbed 




controi J 




controi J 



Golgi 
Rough ER 
Nucleus 
Micro body 
Lipid body 
Plastid 
Protein body 
Mitochondrion 



1 20 - 47 
44-19 
4.5 - 1,0 
3.0 ±2.2 

< I 

< 1 

< 1 

< 1 



<1 
< 1 

<1 



51 - 15 



100; 

51 

1.4 ±0.8 
< 1 
<1 
<1 
<1 



< 1 

1.8; 
<1 



a- Amylase + a-amylase antibody ; -= not counted 



rough ER is shown to be both in the lumen and 
associated with the membranes. Gold particles 
were rarely seen in the cytoplasmic areas between 
ER cisternae. The labelling of Golgi involved all 
cisternae as well as regions adjacent to the cis and 
trans faces (Fig. 2 A-C). Occasionally vesicles with 
high levels of labelling were observed but none in 
close proximity to Golgi bodies. Control treat- 
ments testing the specificity of the reactions all had 
very low labelling (e.g. Fig. 2D). 

Although the distribution of label is clear from 
the micrographs shown, in any labelling technique, 
proper evaluation of differences in levels between 
organelles always requires replicate sampling and 
quantitative data (Steward 1985). Quantitative es- 
timates of the labelling densities over various cellu- 
lar compartments confirmed the concentration of 
label in the rough ER and Golgi bodies (Table 1). 
Density of labelling over most organelles was 
about one gold particle per 1 urn 2 with the label- 
ling in the microbodies and nuclei somewhat high- 
er. Labelling associated with the rough ER was 
at least ninefold higher, and in the Golgi 25-fold 
higher than that over any other cellular^site mea- 
sured. There was thus two to three times more 
label over the Golgi than over the rough ER. In 
contrast, the labelling in these organelles in the 
antigen-absorbed control was at the level of the 
background. 

Discussion 

Localisation of a-amylase by protein A-gold im- 
munocytochemistry almost exclusively " in the 
rough ER and Golgi apparatus provides direct evi- 
dence for the involvement of these organelles in 
the intracellular pathway of a-amylase" secretion. 



urone 

In the interpretation of these data it is important 
to remember that a-amylase is synthesised de novo 
in response to GA 3 and that all enzyme is destined 
for secretion (Yomo and Varner 1971). This means 
that all a-amylase localised in the cell is likely to 
be at some point along its secretory pathway, i n 
contrast to other enzymes such as acid phospha- 
tase (Pviiotis et al. 1979) where this cannot be de~ 
termined because this enzyme is normally present 
in the cells and only a fraction is secreted (Ashford 
and Gubier 1984). 

Localisation of a-amylase within the lumen of 
the rough ER is consistent with biochemical evi- 
dence that isoenzymes from both a-amylase groups 
carry a leader sequence (Rogers and Milliman 
1983; Chandler et al. 1984) and that the lower- 
molecular-weight form is sequestered in micro- 
somes (Jones and Jacobsen 1982). It is also consis- 
tent with the proliferation of rough ER observed 
in aleurone cells treated with GA 3 (Jones 1969; 
Vigil and Ruddat 1973). All this evidence taken 
together indicates that synthesis and the initial part 
of the secretory pathway follow closely that found 
for animal tissues (see Kreil 1981 for a review) 
and that the tenets of the signal hypothesis apply 
here as well. 

In animal cells the Golgi complex has long been 
recognised as playing a central role in the sorting, 
modification and packaging of newly synthesised 
protein transported from the rough ER both to 
extracellular and intracellular destinations (see 
Farquhar and Palade 1981 ; Kelly 1985). Evidence 
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cells. It is known from biochemical, ultrastructural 
and immunocytochemical work that the Golgi ap- 
paratus is involved in the processing and packag- 
ing of storage proteins and lectins destined for va- 
cuoles or protein bodies (Craig and Goodchild 
1984; Herman and Shannon 1984a. b; Vitale and 
Chnspeels 1984; zur Nieden et al. 1984; Green- 
wood and Chrispeels 1985). Involvement of the 
Golgi apparatus in extracellular secretion of plant 
glycoproteins has been proposed by Gardiner and 
Chnspeels (1975) and Kawasaki and Sato (1979) 
on the basis of cell-fractionation experiments. 
More recent work (Akazawa and Hara-Nishimura 
1985; Mitsui et al. 1985) has shown post-transla- 
tional modification of N-linked oligosaccharides, 
of nce-scutellum a-amylase and partial inhibition 
of this by monensin, both of which are indicators 
of Golgi processing. Our immunocytochemical 
data directly demonstrate the presence of a-amy- 
lase in Golgi bodies in GA 3 -treated barley aleu- 
rone. known to be secreting this enzyme, and 
clearly implicate the Golgi in the secretion of a- 
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a in \ la>e . Golgi bodies are commonK seen in elec- 
tron micrographs of aleurone cells (Jones 196^: 
Fernandez and Staehelin I9S5). As Fernandez and 
Staehelin < 19M5) pointed out. Golgi bodies in aleu- 
rone are not h\ pertrophied like those in root-cap 
eel Is of maize which are secreting carbohydrate 
iHauwalder and Whaley 1982). and this, together 
.h an apparent lack of prominence of Golgi bod- 
, compared with rough ER. may explain the lack 
oi attention previously given to this organelle. 

The presence of gold labelling over all parts 
of the Golgi cisternae in the barlcy-aleurone cells 
and quantitative data indicating that there is con- 
centration of label over the Golgi compared with 
the rough ER. support the view that enzyme is 
transported through the entire Golgi stack and 

■ at the Golgi follows the rough ER in the secreto- 
pathway. The most probable pathway of release 

; rom the Golgi is via Golgi-denved vesicles as ap- 
pears to be the case for another secreted enzyme, 
peroxidase (Ashford and Gubler 1986). Our data 
show that a-amylase is not stored prior to secretion 
in zymogen-like granules as found for a-amylase 
and other enzymes secreted from pancreatic acinar 
cells (Palade 1975). In this respect the secretory 
^athway in aleurone is most like that described 
"constitutive" in animal cells, where there is 

nly a short delay between synthesis and secretion 
and enzyme does not accumulate temporarily in 
the cells (Kelly 19S5). The antibody used here is 
reactive towards both high- and lovv-isoelectric- 
pomt groups of a-amylase (Jacobsen and Higgins 
1982). Although we cannot eliminate the possibili- 
ty that only one type of enzyme has been detected 
in these studies, it is more likely that both are local- 

ed simultaneously by our immunocytochemistry, 
.ad therefore that the Golgi apparatus is involved 
in the secretion of both a-amylase isoenzyme 
groups. 

/// conclusion, our data show directly that Golgi 
is involved in a-amylase secretion from aleurone 
cells. These findings indicate that protein secretion 
in plants follows similar pathw ays to that in animal 
cells and therefore that there may be a universal 
mechanism for eukaryotcs. 

■ c gra'.efuiK acknowledge Dr. D. Spacer for the Western-blot 
a:uii\sev We would aiso like to thank Dr. S. Craig for helpful 
advice ind :he Electron Microscope Units of the Universities 
of New South Wales and S>dne^ for providing facilities. A.E.A. 
a no F.G. thank the Uistraiian Research Grants Scheme for 
financial support. 
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Immunoelectron-microscopy localization of abscisic acid 
v Uh colloidal gold on Lovvicryl-embedded tissues 
c Chenopodium polyspermum L. 

L. Sossountzov 1 , B. Sotta 1 . R. Maldiney 1 . f. Sabbagh 2 and E. Miginiac 1 
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bstract. Further study on the localization of ab- 
sic acid (ABA) has been undertaken at the ultra- 

^uctural level in Chenopodium polyspermum L. 
Axillary-bud-bearing nodes on the main axis were 
fixed with soluble l-(3-dimethyIaminopropyl)-3 
ethyl carbodiimide. then postfixed with paraform- 
aldehyde and embedded in Lowicryl K4M at 
-20° C. Ultrathin sections mounted on grids were 
successively incubated with rabbit anti-ABA anti- 
bodies and with gold-labelled goat anti-rabbit anti- 

xiies (40 nm particle size). Control sections 

eaied with preimmune rabbit serum and ABA- 
preabsorbed antibodies were devoid of label. The 
background staining was very low with this tech- 
nique. Quantitative analysis of the immunolabel- 
lmg showed that two main sites of ABA accumula- 
tion could be defined: first, plastids in cortical cells 
and vascular parenchyma cells associated with 
sieve elements and xylem vessels; second, the cell 
ytoplasm and nucleus in the axillary bud tip and 
n procambial strands. In vascular bundles, the 
eambial cells showed no immunoreactivity. These 
observations support the hypothesis for the cyto- 
plasmic synthesis of ABA which is subsequently 
trapped in plastids as cells mature. 

Key words: Abscisic acid (localization) - Chenopo- 
dium - Immunoaold electron microscopv - Lowi- 
cryl K4M. 



Introduction 

We recently initiated a series of experiments to in- 
vestigate the localization of abscisic acid (ABA) 



Annihilations; ABA = abscisic acid: EDC = 1 -< 3-dimethyi- 
anv.nopropylVj ethyl carbodiimide: GAR 40 = goat anti-rabbit 
antibodies labelled with colloidal gold of particle size 40 nm; 
IgG = immunoglobulin G 



at the light-microscopic level using an indirect im- 
munoperoxidase technique and fixed tissue embed- 
ded in paraffin or in Spurr's resin (Sotta et al. 
1985). We found that, depending on the age of 
the cells, ABA is mainly localized in the meriste- 
matic cells of the slow-growing axillary bud tips 
and in plastids present in the parenchyma cells as- 
sociated with sieve elements and xylem vessels in 
the vascular strands and in the inner cortex. Tak- 
ing advantage of the recent finding that post-em- 
bedment of fixed tissues in the hydrophilic Lowi- 
cryl K4M resin and labelling with immunogold 
particles have a wide range of applications (De 
Mey 1983), we used this technique to provide fur- 
ther information on the precise location of ABA 
at the electron-microscope level. We confirm here 
that ABA is mainly trapped in plastids of the more 
differentiated parenchyma cells associated with 
phloem and xylem tissue and in the inner cortical 
cells, and more precisely show that in the early 
stages of tissue differentiation a preferential local- 
ization of antibodies is seen over the cytoplasm 
and the nuclei. 



Material and methods 

Plant material and electron microscopy. Young axillary nodes 
beneath the terminal bud, the second nodes bearing two axillary 
buds, and cotyledonary nodes and their associated buds were 
collected from normally watered plants of Chenopodium poly- 
spermum L. (see Fig. 1 in Sotta et al. 1985) and treated as pre- 
viously described. In brief, they were rapidly dropped in a 2% 
aqueous solution of water-soluble l-(3-dimethyiaminopropyl)-3 
ethyl carbodiimide (EDC), an essential tissue processing which 
allows fixation of ABA in situ. As we have recently shown, 
the omission of this prefixation step led to the absence of lm- 
munolabelling (see Fig. 4 in Sotta et al. 1985). The organs were 
then postfixed in buffered paraformaldehyde solution. After 
an extensive rinse in phosphate-buffered saline, they were rapid- 
ly dehydrated in an ethanol series. After the 90% ethanol nnse. 
they were infiltrated with Lowicryl K4M (Balzers Union. Pans. 
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Hgs. 1-2. Structural arr:in»cm f .ni „ ( .... , 

j , , . Jl,, " = ""ucs m nodes at two 

eves ol C/wnopujum, plants, embedded m Lowicrvl K4M 
h ck-,ect,oned and Erlich's Hematoxylin-sta.ned. Fig. !. Sec^ 
on through the node 4 and its associated axillarv bud A x B< 
second" 1 UP ' 1C anatomic al arrangement is similar m the 

h oul I ' ll median part of the P' ant - ^-2. Section 
nroug the cotyledonary node: nuclei appear black. Notice 

Id B ir °sn COt - V,ed ,°" ar > n ° de - ^ nude, are rarelv distnb- 

Jtec. bar = 30 Lim; x 190 

/<- %,./-//: C = cortex. C7, =chloroplast: 
C a^hloroam^loplast: C^=cell wall: CZ = eambial zone: 
-m.tochondnon: .V and At, -nucleus and nucleolus: /> = 
P i n. /;/ =procamb,um. linking the axillary bud to the mam 
ay, at node: />/, anu Ay = phloem s.de and xylem side of the 
jas.u.ar bundles present in the stem a. node: , = starch .^rain: 
1 = vacuole 



w'-main ;) the :iearn otnescent mensiematic cells of the bud 
a.^x and its associated leaf pnmordia : in beneath the apex. 

7 C . ruC 7 ancil u,tn Proeambial cells ,n a non-differentiated 
w and „,, in :hc :T] . lm axjs _ a /one L . omprjsinLi ,. 3SCljiar 

;;^1 VV ' P , U,e:11 ' Xylem and camb,jl -- one - surrounded bv 
"7 p''™ ot :he cor! « and pith. For the cotvledor.arv 
t ct we cammed only the cells of the main axis be- 

-' 1C SMS i" the three blocks we cut were poorlv 

"'• -" atea • l,lc acr > !,c resin - '"ding to bad quality sections. 
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«s. 5-4. Control and reaction specificity. Thin sections through menstematic cells from the axillary bud 4 were treated with 
reimmune rabbit serum (Fig. 3) or with ABA-preadsorbed anti-ABA antibodies (Fig. 4) followed by the IgG-gold complex. 
Very few i arrows) gold particles, isolated or associated in pairs, are present over the different cell structures. Structural preservation 
is reasonably good. Note, however, the negative contrast of some membranes. Plasmalemma and tonoplast are not visible. Bar = 
0 5 urn: > 16500 and 23 500. respectively 



Particular ABA-comainins cells were selected for observation 
at the electron-microscope level on tne basis of our previous 
study (Sotta et al. 1985). In each category, at least 10 sections 
Vom three sets of nodes were examined. 

Quantitative analysis. Sections in selected areas were photogra- 
phed at a magnification of x 10000 and x 16000. Printing 
of the negatives was standardized, and they were enlarged x 3. 
Areas on the micrographs corresponding to cytoplasm, piastids 
and nuclei, including nucleoli, were measured by placing a 
transparent graph paper over each enlarged photograph. The 
number of gold particles was counted manually. Countings 
were done from 5-12 electron micrographs corresponding to 
the same number of ceils if m a menstematic state and to a 
higher number for differentiated cells. We have actually to pre- 
cise that m the fully differentiated or senescent tissues of the 
-'tern. i.e. at the median and basal levels of the plant, cells 
are very large and highly vacuolated, \loreo\er. there is a very 
low frequency of nuclei in the thin sections (Fig. 2) so that 
onl> a few values were obtained. Therefore, countings are given 
for information only. Furthermore, as cells enlarge, the starch 
grains became very large structures, occupying one- or two- 
thirds of the plastid stromal space. Therefore, the number of 
gold particles was counted over the entire plastid or over its 
stromal subcompartmem. 

The labelling density was expressed as the number of gold 
particles per um : . In order to reduce tne effect of varying exper- 



imental conditions on the final calculations, a set of three differ- 
ent axillary-bud-bearing nodes was processed at the same time. 

Results 

Specificity of immunogold staining 

Controls showed very low levels of a random dis- 
tribution of gold particles over sections and grid 
support films. Control sections with an essential 
reactant omitted gave appropriately negative reac- 
tions. The serial-section analysis revealed that only 
slight non-specific staining was observed when rab- 
bit preimmune serum took the place of the primary 
anti-ABA serum, whatever the cells observed, in 
a mature or meristematic state (Fig. 3). The label- 
ling reaction generated by the anti-ABA antibodies 
was inhibited by preincubation with the corre- 
sponding antigen in excess (pure cis(±)ABA. 
Figs. 4, 11, 13). All these controls produced less 
than one gold particle per jim 2 (Table 1). Further- 
more, when this very low non-specific staining was 
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Table Control experiments showing labelling densities over 
the cellular compartments at three different levels of plants 
ot Lhenopodiumpolyspermitm. Values are expressed as the -nean 
number ot gold parades per nm^SEM: n = the number of 
areas over which the values were obtained. .W^node 4 near 
the terminal bud; .V</; = node 2 in the median part of the plant- 
Coi/A£/ = cotyledonary node 




Poroscopy of ABA with gold conjugates 



Controls 



Normal rabbit 
IeG 



Nd 4 
cytoplasm 
nucleus 
plastids 

Nd 2 
cytoplasm 
nucleus 
plastids 

Cot Nd 
cytoplasm 
nucleus 
plastids 



Preadsorbed 
ami- ABA JuC 



0-3-0 1 (/i = 6) 
0.2 = 0.1 (n = 5) 
OJrO.l (« = 6) 

0.3-0.2 (/ I = 8) 
1.2 = 0.4 (« = 5) 
0.7±0.3 (« = 8) 



0.2 ±0.1 f W = 7) 
0.4 = 0.2 f/z = 6j 
0.3 ±0.2 (« = 5) 

0.2±0.1 (/,= <) 
0.5 ±0.2 (« = 6) 
0.3-0.1 f/i = 7) 



0.2 r 0.1 (,z 
0.9 ±0.3 (/i 
0.3 = 0.2 (« = 9) 



11) 

5) 



observed, gold particles were more often seen iso- 
lated (Figs. 3, 11, 13). rarelv m pairs (Fie. 4) but 
never as clusters. Only GAR 40 showed ncTbindine 
to tissue structures when applied directly to thin 
sections. 

Immunocytochemical labelling 

i) In the axillary buds. Figure 5 shows a portion 
of a menstematic cell from the young bud tip In 
these small cells with their large nuclei and in which 

Dlastld stnrrh ermine w&ra »-i , „ , t_ ^ i t 

abellmg was essentially cytoplasmic and nuclear 
When present, plastids with or without starch were 
poorly labelled (Fig. 5). In the nucleus, sold parti- 
cles were also associated with the electron-dense 
nucleolus. Occasionally, they were close to the sur- 
face of the vacuole. Mitochondria (not present in 
Fig had a very low level of labelling equal to 
background. In the leaf primordia, therold label 
was also distributed throughout the cvtoplasm and 
m the nuclei but remained slight over plastids 
Most of the gold particles appeared isolated, but 
clusters were not rare in these cells of the apical 
tip. The largest aggregates were mainlv associated 
with the nucleoplasm. Therefore, thev cannot be 
considered as an artifact if compared with the con- 
trols. 

In the underlying layers, procambial cells and 
closely associated cells of the inner cortex showed 
a greater morphological differentiation (Fiss 6 7) 
Plastids were larger, contained some starch grains, 
and were more immunoreactive. Mitochondria 



table hueas ot axillary-bud maturation of Ownopmiim n 
the :mnunogoid labelling of anti-ABA IgG over cvtoplasm anH 
pfu>nd> in apices and procambium ipn strand,. Values are 
pressed as [he mean number of gold particles per um : -SFvJ" 
n^numner of observations. .4x8, and AxB, = in axilla 
studi ^ aP ' d ^ / "' = procambium - ^Xvledonary buds were not 



Levels on Cytoplasm 
the plant 



Plastids' 1 



Stroma' 



A.\ B4 
apex 

Ax b: 

apex 
Pr 



^-\.l{n = 5) 3.2^0.9 (« = 5) 3.2 -0.9 = 5) 



2.8-0.8 (/ I = 7) 
3.3 = 0.2 (/; = 4) 



3.9 ±0.4 (n = 5) 
6.8 ±0.3 (« = 3) 



7.4 r 0.8{// = 5) 
I3.5-1.7(« == 3) 



J Labelling was calculated individually for each starchy plastid 
over the entire organelle and over its stromal space * 

Table 3. Ratio of plastid cytoplasm distribution of immuno*old 
labelling alter anti-ABA treatment m axillarv-bud-bearinj 
node, ot Cnenopodium during their differentiation The mean 
distribution ratios were calculated from the number of , 0 ld 
paruc.es over entire plastids and over their stromata (number 
m parentneses). For abbreviations, see Table 1 



Levels Apex 
on the 
plant 



Procam- 
bium 



Inner 
cortex 



Parenchymal cells ; 
phloem xvlem 



Nd4 0.3 

Nd- 1.4(2.6) 
Cot Xd - 



0.4 

2.1 (4.1) 



2,3(3) 

5.5(9.7) 

2.8(5.6) 



12 { J .3) - 

2 (3.9) 2.0 ( 6.6) 

2.5(4.7) 8.5(13.8) 



were poorly labelled (Fig. 6). but the label re- 
mained distributed throughout the cytosol (Fias. 6, 
7) and nuclei. 

Table 2 shows that there was a twofold reduc- 
tion in labelling over the cytoplasm as the bud 
aged and a twofold increase in gold particles over 
plastids. This fact was more evident when the den- 
sity of gold particles over plastids was calculated 
on a stromal basis, minus the starch areas which 
became larger in the bud branch beneath the apical 
tip but were very rarely labelled. As seen in Ta- 
ble 3. the mean ratios of the distribution of label- 
ling between plastids and cytoplasm became 
greater than 1 as the cells matured and the buds 
aged. There was a twofold increase of these ratios 
during differentiation. During the same time, nu- 
clear staining remained relatively constant and 
showed only a downward trend as the bud ma- 
tured. Here again, the number of gold particles 
overlying mitochondria, starch grains, vacuoles 
and cell walls was negligible and showed the hiiih 
degree of specificity of the immunogold method." 




; io S . 5-7. Immunogoid localization of ABA in axillary bud 4. The thin sections were treated with anti-ABA rabbit serum [250 ug- 
mP 1 ) followed by" goat anti-rabbit gold-labelled IgG. Fig. 5. In a meristematic ceil of the bud apex, most of tte gold particles 
are located over the cuosolic compartments and over the nucleus (some of which have suffered from compression), leaving 
the cell walls, vacuoles' and chloroamytoplasts unlabelled. Note some clusters of gold particles especially over the nucleoplasm. 
Bar = 0.: urn; x 26500. Figs. 6, 7. Immunogold staining of differentiating cells in a grazing section of the inner cortex (Fig. 6) 
and in a'procambial cell i Fig. 7). showing'a cytosolic distribution of ABA while cell walls and vacuoles are without specific 
labei. Note the absence of piastids in these two thin sections. Bar = 0.5 urn, x 45000 and 33000. respectively 
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ti In [he stem. The observations and quantitative 
analysis were made in the cortex, where inner and 
outer cortical cells were analyzed separately, and 
in medullary cells. In the vascular bundles, phloem, 
cainbial and xylem-parenchyma cells were studied. 

For plastids. as cells enlarged, starch grains be- 
came larger (Figs. 8. 9. 10) so that gold-grain 
L ants were always estimated over their total area 
c j separately over their living subcompartments. 
Outer cortical and medullary cells were devoid of 
any gold conjugates. Xylem lignified vessels and 
sieve elements, decorated with the characteristic P- 

Table 4. Nuclear immunogold labelling in nodes and in axillary 
buds of Chenopodiwn during differentiation. Values are ex- 
pressed as the mean number of gold panicles per |im : ±SE; 

= the number of observations. For some tissues, this number 
s low and the nuclear labelling was calculated for informa- 

,:n only. For abbreviations, see Table 1 



Levels on 


Apex 


Procam- 


Differen- 


Cambial 


the plant 




bium 


tiated cells 


cells 


Nd4 


10.8= 1.0 


8.s = :.o 


10.8 = 2.0 


0.6 




0 = 6) 


Ui = 4) 


0 = 4) 


(n = 2) 


Nd2 


7.6 = 0.9 


7.0 


7.1 = 14 


0.4±0.3 




0 = 4) 


{n = 2) 


(» = 4) 


0-3) 


h Nd 






s.5-:.: 


0.7-0.4 








0 = 6) 


0 = 4) 



protein network and P-protein bodies (Fig. 15), 
showed less than one gold particle per |am 2 and 
served as internal controls. Interestingly, cambial 
cells (Fig. 14) showed a labelling slighty higher 
than background over the cytoplasm and plastids 
in the mature buds but within the limits of specific- 
ity. By contrast, the nuclear labelling was not spe- 
cific (Table 4). The level of label in cambial cells 
was less than 1 jam' 2 and represents the measured 
average of 16 such fields from the three sets of 
buds analysed in this study. Three major types of 
labelled cells were readily recognized along the 
main axis. Immunoreactivity which was ABA-spe- 
cific (Fig. 11) was predominantely localized over 
chloroamyloplasts of the inner cortex and in the 
phloem and xylem parenchyma cells. No specific 
label was found over mitochondria (Fig. 8), In 
these differentiated cells with their large vacuoles, 
plastids were closely pressed to the non-labelled 
cell wail. The cytoplasm appeared as a thin layer 
along the wall (Fig. 8). 

The density of gold over each plastid varied 
from one to another, so that in some cases the 
standard errors of the means appeared high. Nev- 
ertheless, compared with the cytosolic labelling at 
the level of the meristem (Table 2), there was a 
twofold decrease of the cytosolic immunoreactivity 
in the nodal cells at the tip of the plant. Cy toplasm 



Table 5. Immunogold labelling after anti-ABA treatment of differentiated cells in the nodes at different levels of Chenopodium 
plants. Values are expressed as the mean number of gold particles per um 2 ±SEM; /i = the number of areas over which the 
values are obtained. For abbreviations, see Table 1 
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parenchyma cells parenchyma cells 



•>d4 



cytoplasm 


4.5 = 1.1 (n = b) 


60±1 


.1 (n = 6) 


02=0 i (h = 5 


plastids 


10.3 = 0,7 0 = 6) 


69±1 


.2 (n = 6) 


0 3 = 0 2 (n = 5 


stroma 


13.7=1,8 (» = 6) 


7 8+1 


.0 (» = 6) 


07 = 04 (// = 5 



Nd: 

cytoplasm 1,1=0.5 0=10) 2.0 = 0.4 (// = 4) 1.1=0.4 0-6) 10 = 0 4 0 = 3) 

plastids 6,1=0.5 (/z=10) 3 9±0.5 0 = 3) 2.9 = 0.5 (tt = 5) 0 9 = 0 3 (/i = 3) 

stroma 10.7 — 0.7 <«= 10) 78±UO = 3) 7.2± 1.3 (#i = 5) 1 2 = 0 5 0 = 3) 



Cot Nd 



cytoplasm 


1.9-0.4 (« = 4) 


2 7=1 


6 (« = 4j 


1.1 + 1.0 (n = 4) 


1 2 = 0 7 (/r=ll) 


plastids 


5.4= 1.4 in = 5) 


6.7 = 2 


0 (» = 4) 


9.3 = 3.7 0-4) 


0.7 = 0 5 (/i = S) 
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1 0.6 = 2.0 |/i = 5> 


12.7 = 3 


9 (// = 4) 


15.2 = 4.0 0-4) 


1.1=0.5 0 = S) 
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Fi«s. 8-10. Immunogold localization of ABA in the inner cortex of the nodes at different levels of the mam stem. Fig. 8. In 
the \ounger node (Nd-i). gold particles are located over the chloroplast and the cytoplasm. Bar = 0.5um: x 43000. Fig. 9. In 
the median node (Nd2i. the labelling was mainh chloroplastic but starch grains are free of label. Some gold particles i arrows) 
are seen in the cytoplasm and close to the non-la belled cell wall and vacuole. Bar = 0.5 ^m: x 41000. Fig. 10. In the cotyledonary 
node, a starchv plastid at a higher magnification shows that gold particles are distributed over the stromal space. Note the 
absence of label on starch grains and the negative contrast of the plastid envelope and its thylakoid membranes. Bar = 0.1 urn; 
< 65000 

Fi«. 11. In the same node, an ultrathm section -tamed with anti-ABA antibodies preadsorbed with ABA shows the speciticity 
of labelling: there are oni\ two gold particles u.Tr/na) over the starchy plastid. Bar = 0.5 um: x 22000 
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labelling decreased abrupt!} at the level of node 
2 and remained constant downward (Table 5). This 
jliidit immunoreactivm was not detected at the 
[jirth-microscope level (Sotta et al. 1985). When 
jold particles, isolated or associated in pairs, were 
present in the cytosoL most of them occurred adja- 
cent to the outer surface of plastids. the outer enve- 
K ^es of which were not clearly resolved (Figs. 9. 
1; ). Gold clusters were rarely observed. The inner 
cortex became more immunolabelled than other 
parenchyma cells in the vascular bundles, except 
at the cotyledonary level where xylem parenchyma 
appeared the most immunoreactive, as we have 
previously noted (Sotta et al. 1985). Consequently, 
the ratios of labelling between chloroamyloplasts 
and cytoplasm always became greater than 1 (Ta- 
f e 3). In the stromal space, there was a great in- 
L -ease of the immunoreacrivity at all levels of the 
stem (Table 5). 

Another fact to be noted is the maintenance 
during cell maturation of the nuclear labelling ei- 
ther in the more meristematic cells of the bud 
apices or in the procambial cells. As we have em- 
phasized in Material and methods, the highly dif- 
ferentiated state of the cells in the main axis did 
ot allow us to estimate the gold labelling on a 
efficient number of nuclei, but, in almost all cases, 
.hen observed, they were labelled as in the 
younger cells of the axillary buds (Fig. 12) and this 
labelling was specific (Fig. 13). Cambial cells were 
an exception since an average of less than one gold 
particle per jam 2 could be measured over nuclear 
areas (Fig. 14). 



discussion 

Immunocytological techniques used in combina- 
tion with electron microscopy are of particular in- 
terest since they enable us to distinguish in anatom- 
ically complex structures, such as bud-bearing 
nodes, the cellular compartments in which ABA 
is synthetized or trapped. This investigation was 
started with a view to obtaining further informa- 
ion on ABA distribution in cells during their mat- 
uration. We have previously shown that endoge- 
nous ABA can be effectively fixed by EDC on the 



cellular protein network and detected afterwards 
by an immunoenzymatic technique at the tissular 
level (Sotta et al. 1985). Numerous controls were 
carried out on sections and on a model system. 
The validity of the technique was reinforced by 
the correlation we have presented between the in- 
crease in ABA levels and immunoreactivity in 
water-stressed plants compared with normally wa- 
tered plants. Furthermore, as apices were heavily 
immunostained. it was unlikely that a possible gra- 
dient of penetration of EDC had occurred. Here 
we show that the use of an on-grid immunogold 
labelling procedure, introduced by Roth et al. 
(1978), is effective on ultrathin sections of plant 
tissues after low-temperature methacrylate embed- 
ding, and allows comparative quantitation of gold 
particles. The Lowicryl K4M embedding technique 
is not usually employed by plant cytologists to re- 
veal antigenicity (Craig and Goodchild 1982; Her- 
man and Shannon 1984; Tomenius et al. 1983). 
Only one report is presently available on the local- 
ization of plant growth regulators at the electron- 
microscope level using an epoxy resin (Zavala and 
Brandon 1983). Although the structural preserva- 
tion of the tissue was not as optimal as with animal 
tissues, it was nonetheless sufficient to localize an 
antigen and render possible the observation of 
some fine cellular details. Plastids, mitochondria 
and nuclei were well-enough preserved but mem- 
branes were not well defined as compared with 
more conventional electron-microscope tech- 
niques. One also notices that it was difficult to 

UUiaill gUUU iCClluna ill li^iiliicu uoou^ anu tn^ 

impregnation of old meristematic cells was poor. 
The material embedded in Lowicryl K4M showed 
a negative contrast for membranes, as recently 
pointed out by Goodchild et al. (1985 a) and Shaw 
and Henwood (1985), leading to difficulties in dis- 
tinguishing, for instance, the chloroplast envelope 
from the adjacent cytoplasm, but thylakoids were 
visible in more detail. The mitochondrial envelope 
and inner membranes were poorly preserved and 
the plasma membranes and tonoplast were not visi- 
ble. However, subcellular details in other compart- 
ments were remarkably well delineated despite the 
osmission of 0s0 4 postfixation and the mild fixa- 
tion with paraformaldehyde following the neces- 
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Figs. 12-15. Immunogoid labeiiins and control specificity in phloem and cambial cells from vascular bundles of the mam stem 
at the median level (Nd2). Fi«s. 12-13. In a mature phloem parenchymal cell, the nucleus is more labelled than the cytosol. 
ft shows some gold clusters. This iabelling is specific as shown by the preadsorbed anti-ABA serum treatment {Fig. 13). Bar = 0.^ urn: 
25000 and < 33000. Fig. 14. In a cambial ceil, by contrast, the cytosolic and nuclear labelling was very low when the thin 
>ection was incubated with ant:-ABA serum followed by GAR-iO complex. Gold particles are isolated or in pairs. Bar = 0.5 am: 

' 2Z000. Fig. 15. In a sie\e element, there is no labelling on the P-protem network and the P-prote:n bodies. Bar = 0.5 am: 

< 1 9 500 
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sary carbodiimide-pretlxation step (Yamamoto 
and Yasuda 1977). Cytoplasmic ribosomes were 
clearly resolved and nucleoli appeared well stained. 
These inadequacies have led some animal and 
plant physiologists to use other acrvlic monomers, 
less complex than Lowicryl K4M. which lead to 
a positive immunocytochemical reaction after 
short periods in the primary antiserum and good 
membrane contrast, thus providing more precise 
localization of gold labelling in these structures. 
These LR white or LR gold resins (Craie and Mill- 
er 1984; Goodchild et al. 1985a. b: Greenwood 
and Cnspeels 1985; Harris and Croy 1985; New- 
man et al. 1983) should be tested in future investi- 
gations. However, we show here with Lowicrvl 
K4M that tissue preservation is appreciably better 
in the more meristematic cells of the bud apex than 
in the highly vacuolated cells of the main axis from 
which sections suffered from compression (Crai* 
and Miller 1984). ° 

Nevertheless, the two-step postembeddina 
staining of thin sections with IgG-Gold labelling 
strengthens the findings of our previous report 
(Sotta etal. 1985) in which ABA was located by- 
means of indirect peroxidase-antiperoxidase stain- 
ing using paraffin sections and semi-thin etched 
resin sections. It also provides new information 
since it allows a comparative quantitation of label- 
ling at the subcellular level. The control experi- 
ments and the internal controls we encountered 
clearly show that the labelling is not an artifact 
arising from the non-specific bindina of antibodies 
to the tissue sections. Positive cells were scattered 
uc 6 auvt cciib auu a gooa numoer ot equallv 
aged cells by experiment gave the same labelling. 
No appreciable labelling was found associated with 
cell walls, mitochondria, vacuoles, and P-proteins 
in the sieve tubes and starch grains. There was 
an almost complete absence of gold particles in 
the outer cortical cells, and in cambial and medul- 
lary cells. Preadsorbed ABA antibodies, which 
constitute an essential control for determining the 
specificity of the immunolabelling, produced" less 
than one gold particle per janr over cvtoplasm 
nuclei and plastids. 

Comparing the location of ABA in axillary- 
bud-bearing nodes of different ages, we demon- 
strate here unambiguously that ABA is heteroae- 
neously distributed within these organs. Age-de- 
pendant specific cell layers and specific organelles 
contain the plant growth regulator. In mature tis- 
sues ot the main axis, ABA is mainly sequestered 
into chloroamyloplasts present in vascular paren- 
chyma cells and cortical cells at the immediate vi- 
cinity of the phloem bundles. Similar labelling was 
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not observed in other cell types; medullary and 
externa] cortical cells, epidermal cells, xylem v es 
sels and cambial cells. In younger cells, in a non" 
specialized state, belonging to the apical tip and 
its newly formed leaf primordia. as in the underly. 
ing procambial strands, ABA is found in the cyto- 
plasm and in the nucleus. Plastids show here poor" 
labelling. Cytosolic ABA declines with time in old- 
er buds. In the younger apices, it was repeatedly 
found that 75% and 25% of the immunoreactivity 
occurred within the cytoplasm and plastids respec- 
tively. At later stages of differentiation, these 
values were reversed. The marked decrease in cyto- 
plasmic immunoreactivity was associated with a 
marked increase in plastid immunoreactivity. As 
cells enlarge, the increase in size of the amvloplasts 
parallels the development of the starch grains, so 
that the number of gold particles found in the stro- 
mal space provides a better estimation. These latter 
data indicate that the cytosolic localization of ABA 
declines with time in older buds, and plastids 
clearly increase their ability to accumulate or syn- 
thesize ABA. This heterogeneous age-dependant 
distribution of ABA majTbe related W to different 
cellular sites of ABA synthesis or sequestration, 
in agreement with the biochemical observations 
and experiments with radioactive ABA. As sug- 
gested by previous workers, chloroplasts would be 
the site of ABA synthesis (Milborrow 1979; Zee- 
vaart 1977). This view was criticized by Walton 
(1980). According to Hartung etal. (1981), 90% 
of the total ABA present in leaves is located within 
the chloroplasts after being biosynthetized in cyto- 
plasm. Our study provides ultrastructural evidence 
to support the concept of two ABA accumulation 
sites depending on the age of the cells. It may be 
related to the possible ABA synthesis in cytoplasm 
and further trapping in plastids as the cells mature 
(Cowan et al. 1982). 

The present data show that considerable anti- 
genicity within the meristematic cells of the bud, 
whatever its age, and within some mature cells of 
the stem, except cambial cells, is also associated 
with the nucleus. The nuclear staining is evident 
in this study. In our previous report, only a slight 
immunoreactivity was found in the nuclei of the 
bud apex. A comparison of the results obtained 
in these two studies indicates that the immunoreac- 
tivity may be related to the methods used. The 
procedure using Lowicryl K4M at low tempera- 
ture, compared with that used previously (conven- 
tional embedment in paraffin or in Spurr's resin 
at high temperature), seems to be a better way 
to preserve the antigenicity of some cellular com- 
partments. The meaning of the nuclear localization 
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js M present unclear. It also remains to be estab- 
lished why it did not occur in cambial cells: when 
observed, the number of gold particles was within 
the range of background level. Although the mo- 
lecular mechanism of plant hormones is not under- 
stood, ABA may act by affecting the synthesis of 
certain mRNAs and proteins. It has been proposed 
; :ently that ABA regulates at the translational 
i el in germinating seeds (Rodriguez et al. 1985). 

Many questions arise from these observations. 
Thus, more studies are now needed to explain the 
mechanism of deposition of ABA within cells at 
different times. 

In conclusion, immunogold techniques using 
electron-microscopy are to be preferred when esti- 
mating very small concentrations of reaction prod- 
cts, as we have shown for cytosolic labelling vvith- 
. differentiated cells. Furthermore, no correction 
u;r section thickness must be made in such analyses 
whereas in thick sections there is the problem of 
accessibility of antibodies. These techniques ap- 
peared promising for a detailed in-situ localization 
of other plant regulators against which antibodies 
are produced. 

We are indebted to Dr. Mupeili for the generous gift of PA 
id DPA. The assistance of Y. Habricot in the preparation 
.' the manuscript is gratefully acknowledged. We are grateful 

lo Drs. Ferrand and Vaudois for allowing us use of the electron 

microscope. 
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The differential ultrastructural localization of 
immunoglobulin heavy and light chains in human 
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Summary. The ultrastructural localization of immunoglobulin heavy and light 
chains has been investigated in nine haematopoietic cell lines, using a technique 
which involves the treatment of lightly prefixed cells with saponin to allow 
penetration of the antibody-peroxidase conjugate. The synthesis and secretion of 
immunoglobulin was also studied in these cell lines. 

Immunoglobulin was found to be localized in the cisternae and on the 
membranes of the rough endoplasmic reticulum, perinuclear space and/or Golgi 
apparatus. In each case staining for heavy chains was weak or absent in the 
perinuclear space while staining for light chains was usually strong. Additionally in 
three cell lines immunoperoxidase staining indicated that heavy chains were absent 

from the Gol^i annarafviS Hpcpifp trip nkc^rtrorl nrooonoo li^Uf ^U„;-.„ i„ *U„ n~\~: 
o- '-rr' — — ~.<~u^»t.v. ..ixk, ^<^^j^t >wu pn_ov_n\_w ui ugiii diciula ill LUC vjuigl 

apparatus and the secretion of combined immunoglobulin into the supernatant. The 
results obtained suggest compartmentalization of the synthesis of light and heavy 
chains and indicate that the technique of immunoelectron microscopy may 
significantly contribute to an understanding of the mechanisms involved in 
immunoglobulin synthesis, intracellular transport and secretion. 

Human cell lines derived from normal or neoplastic lymphoid cells have been classified into 
four groups, lymphoblastoid, lymphoma, lymphoid and myeloma on the basis of cell source, 
morphology and functional parameters f Nilsson & Ponten. 1975). Although lymphoid T cell 
lines have been described (Minowada et al. 1972). the majority of haematopoietic cell lines 
are B cell in origin and synthesize immunoglobulin (Finegold et al. 1968). 

Recent evidence suggests that B cell lines from lymphoid tissue sources are heterogenous 

Correspondence: Dr D. G. Newell. Department of Haematology. Faculty of Medicine. Southampton 
General Hospital, Southampton S09 4XY. 
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in terms of size, morphology, function and expression of immunoglobulin and other surface 
markers (Nilsson & Ponten, 1975; Gordon et al 19 78). These B lymphocyte populations may 
represent cells at different stages in the maturation of the B cell from pre-B lymphocytes to 
immunoglobulin secreting plasma cells. Lymphoid cell lines therefore may be used as models 
of normal B cell function and differentiation especially with regard to immunoglobulin 
synthesis, expression and secretion. 

Biochemical investigations on immunoglobulin synthesis have indicated that heavy and 
light chains are synthesized on separate membrane bound ribosomes (Uhr, 1970) and 
sequestered into the cisternae of the rough endoplasmic reticulum (RER) from which they are 
transported into the smooth membranes of the Golgi apparatus (Zagury et al 1970). The 
combination of light chains, from a free pool in the cisternae, with heavy chains still attached 
to the ribosomes may or may not be a prerequisite for heavy chain release (Vassalli et al 
1971). The intracellular transport of immunoglobulin from the RER through the Golgi 
cisternae is accompanied by the stepwise addition of carbohydrate moieties which is 
completed just prior to, or at the time of, secretion into the supernatant (Choi et al 1971; 
Melchers & Andersson, 1974). 

Previous attempts to visualize the cellular processes involved in immunoglobulin 
synthesis, intracellular transport and secretion or surface expression have been severely 
restricted by inadequate morphological preservation, poor conjugate penetration or lack of 
immunoglobulin class specificity of the labelled antibodies used. The mechanisms involved 
are therefore still obscure, especially in those cells containing small amounts of immuno- 
globulin which are preferentially incorporated into the membrane rather than secreted. 

During this investigation we have utilized a technique recently developed to observe the 
ultrastructural localization of immunoglobulin in nine human lymphoid cell lines (Newell et 
al 1980) and correlated this information with the immunoglobulin biosynthesis determined 
by the incorporation of 3 H-leucine. The results obtained suggest that marked differences in 
the distribution of heavy and light chains exist in these cell lines. The relationships between 
these differences, the cell source and state of maturation is discussed. 
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MATERIALS AND METHODS 

Cell lines. Cell lines Jijoye and EB2 were purchased from Flow Laboratories (Irvine. 
Scotland). Cell line U266BL was kindly provided by Dr K. Nilsson (Uppsala. Sweden). The 
origin and characteristics of cell lines Karpas 160. Karpas 119 and Karpas 129 have been 
described previously (Gordon et al 1977). Cell lines. Karpas 328 and Karpas 427 were 
established from a chronic myeloid leukaemia and acute myeloid leukaemia respectively and 
have been in culture for over 24 months. All cell lines were cultured in RPMI 1640 
(Biocult-Gibco Ltd) with 10% fetal calf serum (Sera Labs Ltd) containing 50 units benzyl 
penicillin/ml and 10 mg/ml streptomycin and harvested 24 h after splitting whilst in the log 
phase of growth. 

Immunoglobulin expression 

Immunofluorescence. Cell suspensions were stained with fluorescein conjugated rabbit or 
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sheep antiserum to human immunoglobulin heavy and light chains. Cytocentrifuged cell 
preparations were fixed in methanol and washed in saline before staining with these antisera 
by the direct method. The tluorescein-Iabelled preparations were examined using a Leitz 
Orthoplan microscope fitted with a HB 200 mercury vapour Ploem illuminator. 

Electron microscopic immunoperoxidasc. Non-viable cells were firstly removed on a 
Ficoll Triosil gradient. Viable cells were then lightly fixed in ()•]% glutaraldehyde in ()•] \i 
Sorenson's phosphate buffer, pH 7-2. for ] 5 min at room temperature. The fixed cells were 
then treated with 1% saponin (Sigma Chemical Co. Ltd) lor 10 min at 55°C. After washing, 
aliquots of cells (1 x 1 () r cells) were incubated for 1 h with 1 00 //I of 1 0 mg /ml affinity purified 
sheep anti-human immunoglobulin conjugated to horse radish peroxidase by the two-step 
glutaraldehyde method (Avrameas & Ternyck, 1971}. (Control conjugates were also 
prepared using normal sheep IgG.) The cells were washed to remove unbound conjugate and 
the peroxidase developed using the diaminobenzidene substrate of Graham & Karnovsky 
(]%f>). The cells were then post-fixed in 1% glutaraldehyde. 0-1 m Sorenson's phosphate 
buffer. pH 7*2,15 min at room temperature, followed by 1 % osmic acid in Palade's buffer, for 
30 min at room temperature. The stained cells were embedded in 2% agar before embedding 
in Spurr resin. Ultra-thin sections were cut using glass knives and viewed on a Phillips 201 
TKM at 40 kV. 

Immunoglobulin biosynthetic studies. The amount and class of immunoglobulin synthe- 
sized by the cells over an ] 8 h culture period was determined by the incorporation of 
i -[4,5-*H]leucine followed by immunoprecipitation according to the method of Gordon et al 
( 1977). The immunoglobulin synthesized was also characterized using SDS-polyacrylamide 
gel electrophoresis. Specific antisera to labelled immunoglobulin light chain and heavy chain 
classes were raised in sheep and prepared by affinity purification and absorption. Specificity 
was checked by the ability to precipitate myeloma proteins of a single heavy or light chain 
class exclusively. Anti-free light chain antibodies retained no activity for combined 
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Immunofluorescence data 



RESULTS 



Table I shows that all cell lines except Raji stained for surface immunoglobulin using direct 
immunofluorescence with FITC labelled antisera. When present the intracellular Ig class 
always correlated with that of the surface. Intracellular Ig was detected by immunofluores- 
cence in six out of nine cell lines and the intensity and proportion of staining varied 
considerably between cell lines. Cell line Karpas 427 expressed both k and /. light chains and 
was not considered to be monoclonal. 



Synthesis data 

All cell lines were studied for lg synthesis (Table II). Ig production is expressed as a percentage 
of the total protein synthesized in the lysate and supernatant. The lg secreted into the 
supernatant is expressed as a percentage of the total Ig produced. In all cases the Ig class 
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Table I. Lymphoid cell lines: origin and Ig expression 



lg expression* 



Cell line 


Original 

disorder FBV 


sig 


Iclg 


Raji 


BL 


0 


0 


jijoye 


BL 


0 


0 


EB2 


BL 


]()() GA 


30 GA 


Karpas 129 


A ML 


100 Gk 


0 


Karpas 1 1 9 


AML -f 


60 MA 


60 MA 


Karpas 328 


CML 


4 7 Ak- 


30 Ak- 


Karpas 1 60 


ALL + 


100 MI) A 


20 MA 


Karpas 427 


AML + 


41 MM A I 


65 Mk-(A) 


U2 66BL 


Myeloma - 


1 6 KA 


30 EA 



SIg = surface immunoglobulin; Idg = intracellular im- 
munoglobulin; BL = Burkitt's lymphoma; AML = acute 
myeloblasts leukaemia; CML = chronic myelocytic leuk- 
aemia; ALL = acute lymphoblastic leukaemia. 

* % positive by immunofluorescence. 



Table II. Immunoglobulin synthesis by cell lines 





Ig synthesized 


Ig secreted 


LCf sup 


LCf Lys 


Ig class 


Cell line 


(% total protein) 


(% total Ig) 


(% lg sup) 


(% lg Lys) 


Raii 


1-0 


0 


0 


0 


0 


Jijoye 


1-4 


45 


70 


90 


K 


EB2 


14 


65 


10 


28 


GA 


Karpas 129 


0-6 


45 


71 


ND 


Gk 


Karpas 119 


2-0 


41 


41 


24 


W. (D) 


Karpas 328 


2-6 


55 


20 


0 


Ak 


Karpas 160 


1-0 


15 


0 


30 


m;. (D) 


Karpas 427 


0-5 


54 


22A 11k 


ND 


G(M)/(k) 


U266BL 


10-6 


57 


48 


ND 


E/. 



LCf=Ig precipitated with anti free light chain antibodies: Ig-Ig precipitated with anti 
Fab v antibodies; Lys = lysate: sup = supernatant. 

produced was consistent with the fluorescence data. In the cases of Raji and U266BL the 
lysates and supernatants were analysed by polyacrylamide gel electrophoresis and these gel 
analyses confirmed the synthesis studies. Free light chain production was detected using 
anti-free light chain antibodies and was expressed as the percentage of the total material 
precipitated by the anti Fab y in the supernatant or lysate. 
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Realization in Cell Lines by TEM 449 
Immunoperoxidase localization of la 

The class oflg located intracellular^ in these cell lines correlated with the immunofluores- 
cent and or biosynthesis data except in Raji where k light chains were detected by 
immunoperoxidase but not biosynthetically and in Karpas 129 where no G heavy chains 
were detected (Table III) by immunoperoxidase. 

Table III. Percentage of cells staining for Ig and the intensity of staining in cell lines 



Heavy chain Light chain 





Class 


% +vc 


PNS 


RER 


Golgi 


Class 


0/ 

/(} 


PNS 


RER 


Golgi 


Kziji 


M 


50 


± 


+ 




K 


30 








Jijoyc 


0 


0 








K 


50 


■f 


+ 


+ 


EB2 


G 


50 


± 


+ 


+ 


A 


90 


-f 


+ 




Karpas 129 


0 


0 








K 


75 




+ 


± 


Karpas ] ] 9 


M 


40 


± 






A 


70 


-f 




+ 


Karpas 328 


A 


29 




-f 




K 


55 


+ 




+ 


Karpas 160 


M 


45 






-f- 


A 


95 


+ 


+ 


+ 


Karpas 427 


M 


8 




± 




kU) 


63(31) 


+ 




+ 


U266BL 


E 


ND 








A 


55 


+ 


+ 


+ 



Staining occurred in the cisternae and/or the membranes of the RER and of the 
perinuclear space and in the area of the Golgi apparatus. Staining localization and intensity 
varied considerably both between cell lines and within cell lines. In cell lines Karpas 129, 
Karpas 13 9. Karoas 160 and Karo^ at \f>*et sn ^oiic „r P ^ P ^u^,,^ q „j »u„ 
pattern and intensity noted (Table IV). No attempt was made to correlate localization with 
cell cycle but mitotic figures showed some staining in RER strands. Staining of surface 
immunoglobulin (slg) is not observed using this technique probably because slg is wholly or 
partially removed by the saponin treatment (Newell et ah 1980). 

Perinuclear space 

Staining for heavy chains in the perinuclear space was. in all cases except Karpas 328. weak 
or absent. Conversely, the staining for light chains was usually strong, sometimes being 
patchy or localized in a small area (Figs 1 and 2). The staining in the PNS frequently showed 
the contiguous nature of the PNS and RER cisternae. 



Rough endoplasmic reticulum 

Usually both heavy and light chains were demonstrable in the RER. The patterns of RER 
distribution were strikingly different in some cells when stained, i.e. Karpas 328 consisted of 
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Table IV. Percentage distribution and intensity of staining for immuno- 
globulin 



Staining intensity 





is 




PNS 






Golgi 






RER 
























Cell line 


class 


-f 


± 




-r 








— 




Karpas 129 


K 


46 


9 


43 


25 


20 


}4 




~> CI 


h 


Karpas 1 1 9 


k 


74 


19 


8 


71 


19 


9 


82 


14 


2 






20 


24 


56 


5 


0 


95 


38 


61 


4 


Karpas 1 60 


k 


57 


26 


16 


54 


1 1 


34 


88 


1 1 


0 






0 


0 


100 


14 


23 


63 


72 


27 


0 


Karpas 328 


K 


48 


48 


3 


11 


33 


55 


52 


41 


5 




A 


76 


15 


8 


0 


0 


100 


78 


16 


5 



large rings of stain apparently enclosing areas of cytoplasm (Fig 3a). EB2 had long strands 
forming an interconnecting network (Fig 2a) and U266BL showed small vesicles of stain 
throughout the cytoplasm (Fig 4). Frequently the stained strands of RER ran up to and 
appeared to merge with the cell membrane and in U266BL the stain vesicles were seen 
around the periphery of the cell occasionally located at one end of the cell only (Fig 4). 

In those cell lines showing morphological evidence for surface projections, positive 
staining could be associated with these projections in one line only (U266BL). In Karpas 160 
surface protuberances were observed containing peroxidase activity associated with strands 

-r tstt% c \ T_ „ 0 I1 ];-.„,. ,-,^f nil i-Ua RPR hiqc ctninprl (Kama* ^ ?R Fia 3 V This did not 
Oi rvcK j ). 111 sOiilc ecu Iuilj nui uw lux- «« ^».^>..»~~ , . . - *o - ' - 1 

appear to be associated with any particular location within the cell and was therefore not 
considered to be the result of inadequate conjugate penetration. 

In Raji (Fig 6) and Karpas 160 staining appeared to be preferentially located along the 
membranes of the RER rather than intracisternal. producing a tram-line effect. Similar 
staining was seen along the PNS membranes in these cell lines. Karpas 328 and U266BL 
conversely had heavy staining throughout the RER cisternae while the rest of the cells 
showed varying degrees of cisternal and membraneous staining. 



i 



Golgi apparatus 

Staining was not always associated with the Golgi apparatus, even in cell lines which were 
actively secreting immunoglobulin. In three cell lines. Karpas 119. Karpas 427 and Karpas 
328 (Fig 3 ), an asynchrony between the light chain and heavy chain localization in the Golgi 
was observed. In these cell lines very weak or negligible staining was observed in the Golgi 
apparatus with anti-heavy chain conjugates, whilst the anti-light chain conjugates produced 
relatively strong staining. When present, the staining in the Golgi area was frequently diffuse 
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Fig 1. Cells from cell line Karpas 1 60 labelled (a) for M heavy chain and (b) k light chain. Note the 
absence of staining for immunoglobulin M in the perinuclear space compared with the presence of a 
chains, <ai x 12 000: (b> x 1 1 500. 
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Fig 3. Cells from cell line Karpas 328 labelled (a) for A heavy chain and (bi k light chain. Note the 
absence of immunoglobulin A in the Golgi apparatus (G ) while the staining for k chains is quite strong, 
(at x 12 bOO; (b) 14000. 
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Fig 4. Cell line U266BL stained for k light chains showing the presence of small vesicles of RER 
containing stained material in the cytoplasm and similar vesicles apparently being secreted from the cell 
(t). x9500. 

rather than located specifically in the vacuoles. In some cases the stain was obviously 
localized on the membranes, whilst in others it filled the vacuoles. 

DISCUSSION 

The localization of Ig in nine cell lines has been investigated. In each case the monoclonality 
found by TEM-immunoperoxidase corresponded with that obtained by immunofluorescence 
and 5 H-leucine incorporation. In one case (Raji) k light chains were detected ultrastructur- 
ally but not by the biosynthetic technique. This staining was monoclonal and restricted to the 
cisternae of the PNS and RER. The expression of k light chains by Raji cells has been 
previously indicated (Takahashi el al 1969; Klein et al 1977) although some Raji cell line 
cultures express /. light chains (Preud'homme et al 1978). The presence of k light chains 
detected by the TEM-immunoperoxidase technique and not the 3 H-leucine incorporation 
may be explained by an increased sensitivity and/or a slow rate of biosynthesis. 

In cell line Karpas 129 the ■/ heavy chains detected biosynthetically were not localized by 
TEM-immunoperoxidase. It is possible that the anti y conjugate was not as efficient as the 
other conjugates although it successfully detected y heavy chains in the EB2 cell line. 
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In all the cell lines studied the intracellular Ig was restricted to the cisternae and 
membranes of the PNS and RER and the area of the Golgi apparatus. This distribution is 
consistent with the synthesis of immunoglobulin on membrane bound ribosomes which has 
previously been demonstrated by Uhr (1970). However, recent reports suggest that some 
synthesis on free polyribosomes is possible (Omori et al 1977) and the presence of 
immunoperoxidase staining for immunoglobulin on cytoplasmic ribosomes has been 
reported in several cell lines (Raji and T5 1 ) (Preud'homme et al 1 9 78). Diffuse staining when 
found during our investigations was invariably non-monoclonal and was therefore 
considered to be artefactual and probably due to cell degeneration (Tsunoda et al 1978). 
Occasionally diffuse staining appeared in cytoplasmic .areas around heavily stained RER or 
Golgi apparatus and this was considered to be a result of diffusion of the reaction product prior 
to post fixation. 

The considerable variation observed in the intensity and patterns of staining within the 
cell lines may, in part, be due to cell cycle related changes in Ig synthesis. Biochemical 
analysis of synchronous lymphoid cells indicate that both lg synthesis and secretion are 
related to the cell cycle and peak in late Gl and early S phase (Buell & Fahey. 1969; Lerner & 
Hodge. 1971) with a possible second peak in G2 phase (Watanabe et al 1972). Such 
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Fig 6. Cells from the cell line Raji stained (a) for M heavy chains and (b) for /. light chains. Note the 
localization of strain along the membranes of the RER rather than intracisternal. (a) x 10000: (bi 
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ted in differences in Ig distributio^^ind intensity within 
the cell. Although biochemical analysis has shown that Ig synthesis is minimal in 
M phase, RER cisternae containing Ig stained with peroxidase were found in cells in active 
mitosis. 

One of the most striking results of this study is the apparent differences in localization 
between heavy and light chains. In most cases the heavy chain was absent, or much reduced, 
in the PNS while the staining for light chain was strong. Similar patterns have been observed 
in preliminary studies on chronic lymphocytic leukaemic cells (CLL). In studies using 
peroxidase as the immunogen. marker cells showing antibody preferentially in the PNS were 
termed primitive cells (Leduc et al 1 968 ). Anti-peroxidase antibody in this case presumably 
comprised complete immunoglobulin not light chain only, but it does further suggest that 
movement of antibody production from the perinuclear cisternae to the cytoplasmic 
membrane bound ribosomes accompanies lymphocyte differentiation into plasma cells. The 
preferential localization of light chain in the PNS, in most of the cell lines investigated, 
suggests that light chain synthesis occurs primarily in the PNS and that free light chain, 
sequestered in the cisternae, is transported to the sites of heavy chain synthesis in the RER. 
This may well be related to the presence of excess free light chains in immature lymphoid cells 
(Gordon et al 1978; Gordon & Smith, 1978). Furthermore, CLL cells stimulated by pokeweed 
mitogen undergo a change from light chain excess to balanced heavy and light chain 
secretion, which is accompanied by a concomitant observation of heavy chains in the 
perinuclear space and Golgi apparatus (Newell, unpublished observation). 

Heavy and light chains have been shown to be synthesized on polyribosomes of different 
molecular weights (i.e. on separate ribosomes) (Uhr, 1970) and our observations indicate 
that such synthesis is also compartmentalized. Such compartmentalization may be involved 
in the regulation of synthesis and prevention of premature polymerization. 

Differences in heavy and light chain distribution in the Golgi apparatus were also noted in 
three cell lines, which was inconsistent with the secretion of combined antibody into the 
supernatant by these cell lines. Biochemical and autoradiographic analysis of Ig intracellular 
transport and secretion has indicated that the passage of newly formed Ig through the 
smooth membranes of the Golgi apparatus is accompanied by the addition of terminal 
carbohydrate moieties and is probably a prerequisite for secretion (Zagury et al 1 9 70; Choi et 
al 1971). In some early studies localization of immunoglobulin in the Golgi could not be 
detected (Suzuki et al 1970) but this may have been due to poor conjugate penetration. In 
our studies the presence of light chain, but not heavy chain, in the Golgi apparatus appears to 
be closely associated with the secretion of free light chains. Combined immunoglobulin may 
have been undetectable in the Golgi apparatus either because of secretion via another route 
such as clasmatosis (Thiery, 1960) or diffusion to the plasma membrane (Leduc et al 1968) 
or extremely rapid passage through the smooth endoplasmic reticulum. 

No conclusive evidence for the mechanism of immunoglobulin secretion in these cell lines 
was obtained. In most cases runs of RER containing immunoglobulin appeared to merge with 
the plasma membrane and occasionally these strands were found in surface protuberances. 
In the case of the myeloma cell line U266BL, small vesicles of stained material appeared to be 
released from the cell surface. It is therefore most likelv that several mechanisms for 
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immunoglobulin release exist within the same cell dependent probably on the immunoglobu- 
lin involved and the state of maturation of the cell. 

The localization of immunoglobulin on the membranes and/or in the cisternae of the RER 
suggests that some association between intracellular localization of immunoglobulin and 
surface expression or secretion may exist. Preliminary investigations on CLL cells expressing 
surface immunoglobulin without secretion, indicate that the intracellular location of 
immunoglobulin on membranes is concomitant with surface membrane expression. It is 
therefore likely that the integration of immunoglobulin into membranes takes place at or 
about the time of synthesis. 
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A V region determinant (kflfcpe) expressed at high freque^^in B 

lymphocytes is encoded by a large set of antibody structural genes 



Renate Dildrop*, Jutta Bovens, Miriam Siekevitz, 
konrad Beyreuther and KJaus Rajewsky 

Institute tor Genetics, University of Cologne, Weyertal 121, D-5000 Koln 
JLFRG 

•To whom reprint requests should be sent 
Communicated by K. Rajewsky 

' Idiotope Ac38, a V region determinant of the XI chain- 
1 bearing, germ line encoded antibody Bl-8, is expressed at 
| high frequency ( - 1/40) in XI chain-bearing B cells. Here, we 
describe the isolation of lambda-positive hybridomas from 
C57BL/6 mice which had been immunized with antibody 
Ac38, the antibody recognizing idiotope Ac38. In Northern 
blot analysis, mRNA isolated from 10 such hybridomas 
I hybridizes with a cDNA probe from the V H gene expressed in 
the cell line Bl-8. Amino acid sequence analysis of the V H 
regions of four of the hybridoma proteins reveals that they 
| are all derived from related, though distinct, germ line 
i genes. In one case the sequence data suggest that extensive 
I somatic mutation has taken place. Only one of the four se- 
i quences derives from the same Vh gene that is expressed in 
^ the cell line Bl-8. Together with earlier evidence, the present 
I data demonstrate that the Ac38 idiotope is a marker for at 
least five V H and three D region genes in the C57BL/6 germ 
^^Vline. This explains the high frequency at which this idiotope is 
expressed in the B cell population. In addition, our sequence 
determinations identify two V H genes in the C57BL/6 strain 
which are closely related (and possibly allelic) to two known 
/ BALB/c V H genes. One of these genes is the gene expressed 
x in the BALB/c myeloma MOPC 104E. 
f Key words: V H gene/hybridomas/B lymphocyres/idiotope 
t expression 



Introduction 

j Antibodies can interact with each other through variable (V) 

* region determinants (idiotopes). It is clear from previous 
j work that genetic polymorphism exists at the level of 

idiotopes and reflects polymorphism of antibody structural 
genes in the germ line. It has also been shown that idiotopes 

[ often depend upon the contribution of both the V L and the 
V H region, and that distinct portions of a given chain [e.g., 

^ the second and third complementary determining region 

* (CDR) in the case of the heavy chain] may together be involv- 
! ed in the construction of a particular idiotope (reviewed by 
| Rajewsky and Takemori, 1983). The genetic basis of idiotope 
: expression is thus complex, and the frequency at which an 

idiotope is expressed in the B cell population may depend to a 
large extent upon the multiplicity of genetic elements (V, D 

[ and J regions) that can participate in the control of V regions 

| expressing that idiotope. 

• In previous work (Reth et a!., 1979; Rajewsky et ai. 9 1981) 
a set of distinct determinants (idiotopes) was denned by 
monoclonal anti-idiotope antibodies on the V region of 



antibody Bl-8. Antibody Bl-8 is of C57BL/6 origin and ex- 
presses a germ line-encoded V region (Both well et al., 1981, 

1982) with specificity for the hapten (4-hydroxy-3-nitro- 
phenyl)acetyl (NP). The expression of some of the Bl-8 
idiotopes which are regularly detected on a fraction of the 
anti-NP antibodies produced in C57BL/6 mice upon im- 
munization with NP was analyzed at the level of the B cell 
population by limiting dilution analysis (Takemori et ai, 
1982; Nishikawa et al., 1983). One of the idiotopes, namely 
idiotope Ac38, was found in the B cell population at a fre- 
quency of -1 x 10~ 3 , Since idiotope Ac38 is expressed 
almost exclusively on antibodies bearing M chains (Tesch et 
al., 1983; CKappen, M.Reth and K. Rajewsky, in prepara- 
tion) and B cells expressing XI chains represent only a few 
percent of all B cells (Takemori and Rajewsky, 1981) this im- 
plies that approximately every 40th XI -bearing B cell ex- 
presses idiotope Ac38. Only one out of 10 of these cells syn- 
thesizes an antibody with specificity for the NP hapten 
(Takemori et aL, 1982; Nishikawa et al„ 1983; Tesch et al„ 

1983) . The high frequency of Ac38 idiotope expression is also 
found in B lymphocytes maturing from bone marrow pre-B 
cells in vitro (Nishikawa et ai. f 1983). Therefore, the high fre- 
quency of Ac38 expression is probably not due to selection of 
the corresponding cells after their generation in the bone mar- 
row. Are certain V, D and J segments preferentially recom- 
bined or is the Ac38 idiotope expressed by V regions encoded 
by a variety of V, D and J segments? 

Most XI chains of murine antibodies express the same germ 
line-encoded variable region (Weigert and Riblet, 1976). This 
variable region is compatible with, but not sufficient for, the 
expression of idiotope Ac38, since the idiotope is not express- 
ed by a variety of antibodies carrying germ line-encoded XI 
chains (see Rajewsky and Takemori, 1983). The high fre- 
quency of cells bearing antibodies with both XI chains and the 
Ac38 idiotope can therefore be understood by analyzing only 
the heavy chain variable regions of such antibodies. 

Here we analyze the structural basis of Ac38 expression by 
sequencing the VDJ regions of four hybridoma proteins ob- 
tained from an immunization of C57BL/6 mice with the anti- 
idiotope antibody which recognizes idiotope Ac38. Such an 
immunization leads to the activation of Ac38-bearing B cells 
irrespective of their antigen binding specificity (Takemori et 
a/., 1982; Tesch et aL, 1983). The resulting Ac38-positive 
hybridomas are thus in the majority unreactive with the NP 
hapten. We have selected for the present study three 
hybridomas of the latter type and one which expresses NP 
binding specificity. Our results show that all four proteins ex- 
press different V H and D regions and that the V H region of 
the NP-binding antibody corresponds to the germ line V H 
gene which has previously been found to control a major 
fraction of the primary anti-NP response in C57BL/6 mice 
(Both well et ai, 1981; see also Rajewsky and Takemori, 
1983). 



IRL Press Limited, Oxford, England. 



517 



Table I. Lambda 1 chain-beanng hybridomas induced by ami-idiotope Ac38 
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a Binding was determined on plastic plates coated with one of the various anti-idiotope antibodies or NIP 14 -BSA. 

- : indicates that plateau binding was >75°?o of that observed with the control antibody Bl-8 (in the case of antibody 8.4 binding to the anti-idiotope anti- 
body Ac38 the value was 50^0 ). 

±: plateau binding 20-30 r o of that observed with antibody Bl-8. 



maximal binding < 10^o of the Bl-8 control. 

Results 

Production of Ac38-positive hybridoma cell lines 
Spleen cells from C57BL/6 mice which had been immunized 
with Ac38-KLH, as described in Materials and methods, were 
fused to X63.Ag8.653 myeloma cells. After dilution and 
growth in microtiter wells, supernatants were screened in a 
plastic plate radioimmunoassay for XI -positive antibodies 
which could bind to antibody Ac38. We selected XI -positive 
antibodies because we wanted to examine idiotope Ac38- 
bearing antibodies as opposed to antibody Ac38-recognizing 
antibodies (anti-anti-idiotope antibody). Since >95% of all 
mu rine antibodies bear x light chains (Takemori and Ra- 
fkky, 1981), we would expect most anti-anti-idiotopic anti- 
^Hies to be * -positive. In contrast, we would also expect that 
XI -positive antibodies would be predominantly idiotope bear- 
ing. X-Positive hybridomas were isolated from four separate 
fusions and cloned. Ten of these cell lines were randomly 
selected for further analysis. 

In Table I, we list the hybridoma lines and give some sero- 
logical properties of their antibody products. Most of the 
antibodies belonged to the IgGl class, but an IgM and an 
IgG2b antibody were also present. Only two of the antibodies 
bound to the hapten (4-hydroxy-3-nitro-5-iodo-phenyl)acetyl 
(NIP). (Antibody Bl-8 binds NIP with an affinity higher than 
that for the NP hapten against which it had been raised.) All 
antibodies bound to insolubilized antibody Ac38 (the proper- 
ty for which they had been selected), and in most instances 
this binding reached plateau levels close to the level reached 
by antibody Bl-8 against which antibody Ac38 had originally 
been raised. In three of the cases maximal binding was con- 
siderably lower, indicating a lower affinity of these antibodies 
to antibody Ac38. The antibodies in Table I were also screen- 
ed for the expression of six other Bl-8 idiotopes. Four of 
these idiotopes were not found on any of the 10 antibodies. 
One idiotope (A25-9) was weakly expressed on one of the 
proteins and another one (A6-24) on four proteins, although 
maximal binding to the corresponding anti-idiotope was low 
in three out of four cases. 

Hybridization of poly (A)^ RNA to Bl-8 V H cDNA 

wished to examine the genetic and structural basis for the 
hilarities and differences between the proteins described in 
Table I. Since XI expression is essentially associated with a 
single V L and Jl sequence, we concentrated our work on the 
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Fig. 1. Hybridization of Bl-8 V H cDNA to poly(A)* RNA. 5 tig of 
poly(A)* RNA from each of the cell lines was analyzed as described in 
Materials and methods. Lane A, X63.Ag8.653; B, Bl-8; C, Bl-8. 51. VI; 
D, 251.5; E, 303.20; F, 15.3; G, 260.2; H, 141.3; I, 205.12. 

heavy chain variable regions. To determine whether the V H 
regions of these proteins are encoded by similar genes we 
prepared poly(A) + RNA from 10 Ac38-positive hybridoma 
cell lines and examined them by Northern analysis for 
hybridization to a cDNA probe from the expressed V H gene 
of the Bl-8 cell line (see Materials and methods). This 254-bp 
DNA, encoding amino acids 4 - 90, is identical in sequence to 
the germ line gene 186.2 (Bothwell et aL, 1981). As shown in 
Figure 1, poly(A)* RNA from four 7 1 -producing cell lines 
(lanes D, F, G, H), one ^-producing cell line (lane E) and one 
72b-producing cell line (lane I) hybridizes to the 186.2 gene. 
Four additional 7 l-producing cell lines (225.4, 214.8, 103.10 
and 8.4) also produce mRNA which is homologous to 186.2 
(data not shown). X63.Ag8.653, the myeloma partner in the 
production of these cell lines does not produce homologous 
RNA (lane A). The Bl-8 V H probe also hybridizes to RNA 
from the cell line Bl-8 (lane B) and from a 6-positive cell line 



Fig 

das 

Bl 
Bl 

th 
ar 
be 
wl 

A 
Ti 
A 
dt 

Pi 
N 
C 
St 
V 
01 
al 
f( 
d. 
d 
(I 

E 
ic 
tl 
r; 
1 

S< 

a 
E 

s 



518 



10 20 ^^^0 CDR1 40 



31 -a 

AC 3 8 2 5 1 . 5 

AC 3 3 15.3 

AC 3 3 20 5 . 1 : 

AC33 260. 2 



: 7 Q 1 Q Q P G A E L V K ? G A S V K L 3 C K A S G Y T F T S Y W M H W V K Q R 



50 



CDR 2 



60 



70 



80 



PGRGLEWIGRIDPNSGGTKYNEKFKSKATLTVDKPSSATY 
. _ q G-N-SN N S T - 



K S 



S D S Y - N 



90 



100 



110 



1 20 



MQLSSLTSEDSAVYYCARYDYYGSSYFDYWGQGTTLTVSS 

__( ) - - F D - - R V - - T V 

____TP------------W - -(E)- D ( R) - - -V--T---V---- 

_ E _ R ____________-_GYG-DP . .--V--T---V---- 



Fig. 2. Protein sequences of the heavy chain variable regions of four Ac38-positive hybridomas. Residues identical to the Bl-8 sequence are indicated with 
dashes. 



1-8. 51. VI (lane C), which produces a somatic variant of the 
1-8 protein (see Discussion). 

We cannot tell by this hybridization analysis how related 
the different V H genes expressed in the various hybridomas 
are to 186.2. Differences in the intensity of hybridization may 
be partly due to the varying amounts of specific mRNA 
which these cell lines produce. 

Amino acid sequence analysis of V H regions 
To determine how related the different V H regions of the 
Ac38-positive proteins are to Bl-8 and to each other, we 
determined the sequences of the V H regions of four of these 
proteins: 15.3 (yl), 205.12 ( 7 2b), 260.2 (7I) and 251.5 (7I, 
NP + ). The purified antibodies were chemically cleaved with 
CNBr and the cleavage products size fractionated on 
Sephadex G-50 as described in Materials and methods. Eluted 
V H fragments were either pure enough for direct sequencing 
or were re-chromatographed after complete reduction and 
alkylation of disulphide bridges. The protein sequences of the 
four V H regions were established by automated Edman 
degradation and compositional amino acid analysis of two 
dimensionally separated tryptic and/or thermolytic peptides 
(Dildrop etaU 1982). 

Figure 2 shows the V H sequences below that of antibody 
Bl-8 (IgM, XI, NP*), the protein against which the anti- 
idiotype antibody Ac38 had been raised. The homology of 
the four sequences to the Bl-8 sequence and to each other 
ranges from 72 to 97^0 in the V H -gene segments (codon 
I -98). The D segments of the antibodies differ from the D 
[segment of Bl-8 which belongs to the D FLl6 group (Kurosawa 
and Tonegawa, 1982). However, the 15.3 and 251.5 
D-segments may also belong to this group, while the 205.12 
sequence is an example of a Dsp 2 -like D-segment (Kurosawa 



and Tonegawa, 1982). The three J H segments which have 
been sequenced here are all Jhi whereas Bl-8 uses Jh2- There 
is very little variation with respect to the size of the third 
hypervariable region. The length of two of the D segments is 
seven amino acids, as in the case of the Bl-8 D segment, while 
the 205. 12 D segment contains 6 amino acids. There is also no 
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between the sequence of 15.3, 251.5 and Bl-8. However, the 
205.12 heavy chain is one amino acid shorter than the others 
at the D-J junction. 

Comparison of V H regions with related sequences 
As mentioned above, the V H segments of the four Ac38- 
positive antibodies share striking homology (> 70%) with the 
Bl-8 prototype sequence and among themselves. We wished 
to know whether the differences between these sequences 
were caused by somatic mutation of the 186.2 (Bl-8) gene or 
whether each of the proteins is encoded by other different, yet 
related V H genes. Accordingly, we compared these sequences 
with previously published V H gene sequences which also 
share >70% homology with the 186.2 gene. 

The complete collection of related sequences, presented in 
Figure 3, contains >40 members. About half of the se- 
quences are germ line sequences from unrearranged Vh genes 
while the other half represents sequences of expressed rear- 
ranged V H genes. The sequences are ordered by maximizing 
homology between neighbours and forming a general gra- 
dient of decreasing homology from 186.2. The four Ac38- 
positive antibody sequences (marked by closed arrows) have 
been placed between their closest relatives. Each of the four 
sequences fits best to a different sequence on the list: 251.5 
contains only two exchanges from 186.2, 15.3 is different 
from 23 at 11 positions, 260.2 and 124 differ at one position 



519 



K.Dildrop et ai 



Nf . (; 
A' 3fj 

t;r . j 
tip u 
Pi "A I 
AC .ifl 

rm n 

NP u 



J J 
G 



j 0 ; 
.3 



- 0 r 



- * - n. 

- V - Y - . 

- 'i - N - 



Alt? 
Alt', 
A 1 1 
Al'.''. 
A P.;: 
5 CI 
AitS 

nr: 1 l 

1 »* ■: 1 i 
AC 3 n 

de:,o 
ui> J 
ur;* j 
or.- 3 
lire ii 

UP o 
GA- 
GA i 
CAT 



i K ■ '• ■ 
0 '■■ C" 



1 ,-i ct c;? 

il"f, CPU 
I I 'CM . 7 

I ; I 
I'll 

1 (HI A 
2(J5 13 
: • :t ; n 'i r 

1 II yH> I ~> 



i>uo 1: 



5 a - r - 

r HA - ^ - 



- G I f ; . 

- c i r-i . 

-G IN 

- 0 J I J . 

- G J N . 
-Glli. 

- - 1G ■ 



- P t'-M- 

._]>_- , - s_ 
y_ M _ 



. c .e; <x xx x.v x x- g - t ~ - r- - 

.<-. ma t ri- at g - 1 " 

. .;rr;y N- - G -T l!<XX - - 

.(.•j- r-A OG S- 1 ' 

. • ;<; -f-N fJ --<l A- ] 



- I' ^ G C - 

_ p t; j- _ 



i > s ) n ■■■ u 

1 (JU II 

i.r 1,. 

j / . ;■ . 2 

G c i I.I! 

C7 /■ n 

CB AU 



-T M - - 

t T - 



- I) - Y - 

~rj - yv 

- G- 1 

- n- a - 



- Ll-M- 



J-N- 
-,)-T- 



- ,q - -o n - - g 1 1 - r ; - m — r — m — - - 

- G T ^ r - II 



I'M J I' 
["Mi I 



-OG I - A- '1 1 - M - 

-GGX-- i - A- r •;- - a 

- OG 1 -T-T'i-N- 



Fjg^3. Collection of published V H gene sequences related to the 186.2 gene: sequences are written down in the one-letter-amino-acid-code (Davhoff, 1972) 
Limbered according to Kabat et ai, 1976. Stop codons are indicated by asterisks, gaps at the a, b, c positions with points, the vertical bar in the cene 6 
ftce indicates a missing base in the according codon. The sequences are ordered by maximizing homology between neighbours and forming a general 
gfacTient of decreasing homology from 186.2. Ac38-positive hybridoma sequences are indicated with arrows Available DNA sequences are marked with one 
asterisk, those of germ line genes with two. Whenever possible specificities are given in front of the name of the sequences. NP.a/NP.b is used for all 
sequences whose genes have been isolated by using the V H NP b DNA probe (S43 derived, Bothwell el ai, 1981) as for the 186.2 gene. The only NP-binders 
among these sequences are Bl-8, S43 and 17.2.25. NP.a/NP.b discriminates between BALB/c and C57BL '6 origin. ARS IDCR.l 1/IDCR.7 are the sequences 
of germ line genes isolated using a 36-65 derived probe fSiekevitz el ai, 1983). MPC 1 1 is used for sequences whose genes were isolated using a MPC 11- 
derived probe (Givoi ei ai, 1981). Specificities are: Ac38 = monocionai antibody Ac3S, which reacts with many NP b -positive proteins, was used as 
immunizing antigen. ARS = anti-^-azophenylarsonate, DEX3 = anti-alpha 1,3 dextran. GAT = anti-poly (Glu 60, Ala 30, Tvr 10), NP = anti- 
(4'-hydroxy-3-nitro-phenyl)acetyl, SCI .= rat monoclonal antibody 5 CI, which reacts with many CRT proteins, was used as immunizing antigen. Sequences 
were taken from following references: NP.b sequences, Bothwell el ai, 1981; NP.a sequences, Loh ei ai, 1983; MPC II sequences, Givoi et ai, 1981; Cohen 
ei ai, 1982; Cohen and Givoi, 1983. ARS sequences, Estess el al., 1980; Siegelman et al., 1981; Sims et al . 1982; Siekevitz et ai, 1983. IF6 CRT, Margolies 
et ai, 1983a; DEX3 sequences, Kehry et ai, 1979; Schilling et ai, 1980; Tonelle et ai, 1981; BCD, Knapp et ai, 1982; GAT sequences, Rocca-Serra et al 
1983a; 1983b. BI-8V1 'V2, Dildrop et ai, 1982. 



and 205.12 differs from MOPC104E at four positions. The 
Ac38-positive antibodies therefore probably originate from 
different genes. Their sequences may derive either directly 
from the one pointed out here or from other close relatives of 
these (see Discussion for details). 



Discussion 

We have previously examined the response of various mouse 
strains to the monoclonal antibody Ac38 which had been pro- 
duced against the germ line encoded, NP-binding antibody 
Bl-8 (Reth et al., 1979; Takemori et al., 1982; Nishikawa et 
ai, 1983; Tesch et al., 1983). When antibody Ac38 is used to 
immunize C57BL/6 mice, from which antibody Bl-8 origi- 
nates, a very large, almost exclusively XI -bearing, response is 
Juced (tesch et at., 1983). Only 10- 20% of these an ti- 
les are NP binding, however. Most of these antibodies 
also do not bear the other idiotopes associated with Bl-8 
(Takemori et aL, 1982). The vigorous response to antibody 
Ac38 can be explained by the high frequency (1 x 10 3 ) at 



which cells expressing antibodies phenotypically similar to 
those produced in the response are found among LPS- 
reactive B cells from the spleens of adult and newborn 
animals and in LPS-reactive B cells generated from bone 
marrow pre-B cells in vitro (Nishikawa et a!., 1983). We 
hypothesized that both the large number of Ac38-bearing B 
cells and the heterogeneity of the antibody they produce with 
respect to hapten-bmding and the presence of other idiotopes 
could be due to the existence of many germ-line V H genes 
which can encode an Ac33 determinant when in association 
with a XI light chain. Only a few of these genes would pro- 
duce antibodies which bind NP or the other Bl-8 anti- 
idiotopes. Additional support for this hypothesis comes from 
the. response to antibody' Ac38 of BALB/c and CBA mice, 
which do not produce idiotope Ac38 in response to NP. Sur- 
prisingly, a large XI -positive response is elicited in both cases, 
although none of these antibodies bind NP (Takemori et ai., 
1982). (A small amount of another Bl-8 idiotope, A6-24, is 
also elicited in CBA mice). In these strains, we would 
postulate that while they lack the Bl-8 V H gene (186.2), they 
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contain other members of the large fa 
permissive V H genes. Another result whic 
of multiple Ao38-encoding V H genes is 
somatic recombinant from Bl-8 (Bl-8.51 




related, Ac38- 
supports the idea 
the sequence of a 
VI) which contains 

V H gene which has replaced most of the 186.2 gene with a 
xtion of a related gene, 102 (Dildrop et a/., 1982; Krawinkei 
et aL, 1983). The protein produced by this cell line retains the 
Ac38 determinant. 

An alternative explanation for the large number of Ac38- 
-ositive cells could be that the 186.2 gene, which may encode 
to 90 ,r o of the primary response to NP in C57BL/6, has a 
higher probability than other V H genes of recombining to 
form a complete heavy chain gene. However, only some of 
the 186.2-D-J combinations may be able to mediate NP bin- 
ding. 

In the current publication, we have chosen to examine the 
Ac38-encoding V H gene repertoire directly by analysis of 
antibodies from XI -positive hybridomas produced after im- 
munization with Ac38. Serological analysis of these purified 
proteins agrees with the earlier results from the analysis of im- 
mune sera: only two of the 10 Ac38^ proteins examined 
(251.5 and 303.20) bind to NP. One of these proteins, 251.5, 
also contains two of the other Bl-8 associated idiotopes. 
Three additional proteins are cross-reactive with one of the 
anti-Bl-8-idiotopes, antibody A6-24, whose target idiotope is 
also found on NP-non-binding Ac38-positive antibodies 
elicited in CBA mice (Takemori et aL, 1982). The other anti- 
idiotopes tested do not react with the NP-non-binding 
hybridoma proteins. In spite of the lack of reactivity observed 
in the serological analysis, heavy chain mRNAs from the 10 
randomly-selected Ac38+ hybridomas hybridized to a Bl-8 
V H probe in Northern analysis. The finding that all of the XI- 
[J^bearing, Ac38-positive hybridomas which we have examined 
x ^^ire related to 186.2 by hybridization analysis bears out our in- 
itial assumption that the XI -bearing antibodies would be reac- 
tive with Ac38 because they are truly idiotypic (Ab30; Jerne 
et aL, 1982) and not anti-anti-idiotypic (Ab3a). 

Amino acid sequence analysis of four of these heavy chains 
showed that while they are all related to Bl-8 (and to the 
186.2 gene) as expected, only one of the proteins, 251.5, ap- 
pears To be encoded by the 186.2 gene. The sequence of this 
protein, which is both NP binding and reactive with three 
anti-idiotope antibodies, differs from Bl-8 at only two posi- 
tions in the V H region, both in CDR-2. It would appear that 
the V H region of this protein is encoded by a somatically 
mutated 186.2 gene. 

The other three heavy chain V H regions, although in 
general also similar to 186.2, all possess striking differences 
from 186.2 and from each other. Do they in fact originate 
from different V H genes in the germ line? We believe that 
they do for two reasons. The first reason involves the pattern 
of amino acid exchanges which we find: each of the three se- 
quences differs from Bl-8 at many positions: 15.3 at 15 out of 
98 amino acids, 260.2 at 1 1 out of 69 amino acids and 205. 12 
at 20 out of 98 amino acids. However, most of these changes 
from 186.2 are shared by other related V H genes which have 
been sequenced (Figure 3) (15.3 at eight out of the 15 dif- 
ferences, 260.2 at 10 of the 11 differences and 205.12 at ail 20 
of the differences). In contrast, S43, which is a somatic mu- 
tant of 186.2 (Bothwell et aL, 1981) differs from 186.2 at 
seven positions. None of these changes are shared by other 
members of the gene family. We believe that the 'shared 
changes' are typical of changes between related germline 



genes, while the ur^Wsubstitutions may be the result of 
somatic mutations. l^additional, perhaps stronger, argu- 
ment for a distinct V H gene origin can be made for proteins 
205.12 and 260.2. When a search is made for the closest 
relative of these two proteins, two BALB/c sequences are 
found. The heavy chain V H region of 205. 12 differs from that 
of MOPC104E by only four amino acids. The protein se- 
quence of MOPC104E is probably fairly close to its germline- 
encoded sequence (Schilling et aL, 1980). The closest relative 
of the 260.2 sequence is that of a member of the MPC11 
familv isolated using an MPC11 V H gene probe (Cohen and 
Givol". 1983). This sequence, 124, differs from 260.2 at only 
one of the 67 positions which have been sequenced. Since it is 
unlikelv that two BALB/c genes could be so nearly reproduc- 
ed in C57BL/6 by somatic mutation of the 1 86.2 gene, we feel 
that it is likely that they represent genes separate from 186.2 
and from each other. Although it is difficult to describe 
alleles in discussing protein sequences from a large family ot 
related genes such as the V H gene cluster, it appears probable 
that we have identified in the C57BL/6 strain the closest 
relatives for two BALB/c V H genes. 

In conclusion, the above results indicate that the V H 
regions expressed in antibodies carrying the Ac38 determinant 
originate from at least four different V H genes in the germ 
line. A fifth gene (102; Bothwell et aL, 1981) may also be in- 
volved in this response since the analysis of an Ac38-positive 
somatic recombinant of Bl-8 contains a V H region most of 
which is encoded by that gene (Dildrop et aL, 1982; 
Krawinkel et aL, 1983). 

It is striking that although these proteins are only 80-85^0 
homologous with Bl-8, they still react with the Bl-8 anti- 
idiotope W Ac38. Can we use these protein sequences to help 
define the sequence requirements for the Ac38 idiotope? 
Previous sequence analysis of NP-binding hybridoma pro- 
teins has shown that the Ac38 determinant can be found 
when the 186.2-encoded V H is associated with at least three 
different J H segments and three different D segments. 
However, a single amino acid substitution in one of those D 
segments can lead to the loss of the Ac38 determinant. (Tor 
review, see Rajewsky and Takemori, 1983; Zaiss and 
Bevreuther, unpublished data). This confusing picture is not 
simplified bv considering the present sequences. Although the 
proteins considered here all utilize J H 1, previously sequenced 
Ac38" proteins utilized J H 2 and J H 4 as well. In addition, 
although one particular mutation in D was found to affect the 
Ac38 determinant, the sequences presented here contain strik- 
inglv different D segments. It is possible that the Ac38 deter- 
minant can only be formed when certain combinations of 
VDJ are made: a particular V may require a particular D or J . 
Thus, sequence comparisons are not the method of choice for 
the localization of idiotypic determinants on the V region sur- 
face. Similar difficulties have also been found when attempts 
were made to assign particular idiotopes to hybridoma pro- 
teins reactive with dextran (Clevinger, 1981). In that case, 
althouuh the proteins only differed from each other by the 
two amino acids in the D regions, it was difficult to predict 
from those sequences what the idiotopic reactivity of the pro- 
teins would be. 

Although we cannot define the sequence requirements tor 
the Ac38~ idiotope, it is clear that the Ac38 idiotope is a 
marker for a large family of related V H genes. These genes 
can be as little as 72 (r o homologous in their amino acid se- 
quences and can include sequences normally considered part 
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of the MOPCI04E and MPC11 families (Fipre 3). In con- 
trast, hybridoma proteins produced after anti-idiotopic im- 
munization in the CRI system of A/J mice were much more 

«|ricted (Wysocki and Sato, 1981). Although the antibodies 
■uced could also be either antigen-binding or antigen- 
n-binding, only the products of a single germ line V H gene 
were found (Margolies et ai, 1983b; Siekevitz et ai, 1983). 
Results from a variety of other experimental systems also in- 
dicate that certain idiotypic determinants can be found on 
antibodies of different antigen-binding specificities (for 
review, see Rajewsky and Takemori, 1983). The results 
presented here show that these idiotypic determinants can be 
expressed by antibodies whose heavy chain V H regions are en- 
coded by a family of related V H genes. 

Although we cannot quantitate the number of Ac38- 
permissible V H genes in the C57BL/6 genome the number 
may be quite large. It is probable that the high frequency of 
Ac38 ^-positive B cells among LPS-reactive cells (1/1000) and 
the vigorous response of C57BL/6 mice to antibody Ac38 
(-500 fig of Ac38 + \1+ antibody per ml serum) can be ex- 
plained by the large number of A38-permissible V H genes. To 
a first approximation it therefore appears that the 186.2 gene 
which dominates the anti-NP response in C57BL/6 mice is 
not preferentially rearranged in pre-B cells. The cells express- 
ing that gene may be selected at later stages of differentiation. 

Materials and methods 

Monoclonal antibodies and antigens 

The monoclonal antibodies Bl-8, Lsl36, Ac38, Acl46, As79, A6-24, A25-9, 
A39-40 and A3 1-90 have been described previously, including their purifica- 

*leth et at., 1978, 1979; Rajewsky et a!., 1981). Keyhole limpet hemo- 
(KLH) was purchased from Calbiochem, San Diego, CA and bovine 
albumin (BSA) from Behringwerke AG, Marburg/Lahn, FRG. NIP- 
and Ac38-KLH conjugates were prepared as described previously 
(Imanishi and Makela, 1973; Takemori et ai, 1982). 

Immunizations and fusions 

3-6-month old C57BL/6 mice, bred in our own colony, were immunized by 
l.p. injection of 75 jig Ac38-KLH conjugate in complete Freund T s adjuvant as 
described previously (Takemori etai, 1982). Spleen cells from these mice were 
fused to the myeloma line X63.Ag8.653 (Kearney et ai, 1979) either on day 3 
(fusion no. 5) or day 6 (fusion no. 7) after priming. In the case of fusion no. 6 
the mice were given a secondary injection of antigen in Freund's complete ad- 
juvant 1 month after priming, and the cells were fused on day 3 after the se- 
cond injection. Fusions and subsequent cloning of hybridoma cells were done 
as described by Lemke et ai (1978). Hybridoma cells secreting XI chain- 
bearing, Ac38-binding antibodies were detected by a radioimmunoassay (see 
below). Cloned hybridoma lines were propagated in the peritoneum of 
pristane-pre-treated (BALB/cxC57BL/6)F! mice bred in our colony. Ascites 
fluid produced by these mice was analyzed for the presence of monoclonal 
antibody by microzone electrophoresis and serologically. Hybridoma cells 
were analyzed for the production of intracellular Ig by fluorescence micro- 
scopy (Kearney et ai. 1979), using fluorescein -coupled anti-idiotope or anti-Ig 
antibodies of appropriate specificity (gift of Dr.A.Radbruch). 

Serology 

A two-stage radioimmunoassay was used for the determination of XI chain- 
bearing antibodies with specificity for the various anti-idiotopes and/or for 
the NIP hapten (Reth et ai, 1979). Briefly, wells of 96-well plastic plates 
(Dynatech Deutschland GmbH, Plochingen, FRG) were coated with one of 
the anti-idiotope antibodies or with NIP l4 -BSA at a concentration of 10-20 
jig/ ml. Serial dilutions of culture supernatant or ascites fluid containing the 
antibody to be determined were added and, after overnight incubation, bound 
XI chajn-beanng antibodies were detected by radiolabeled antibody Ls 1 36. 

Isolation of poly (A)* RNA 
^fetion of total RNA and subsequent enrichment of the poly(A)~ fractions 
^^Hperformed as described in Siekevitz et ai (1983). 

Preparation of nucleic acid probe 

pABu-1 1, a cDNA clone containing the expressed V H gene from the cell line 
Bl-8, has been described previously (Bothwell et ai, 1981). After Pst\ and 



Htnf[ restriction endonuclea.se digestion, a 254-bp fragment was purified from 
this clone according to the methods described by Maniatis et ai (1982). 

Transfer of poly/ A ) ~ R.\A to solid support 

Poiy(A) * RNA was glyoxylatec and run on 1 .2 <r o agarose gels as described by 
McMaster and Carmichael (1977). RNA was transferred ro nitrocellulose 
paper as described by Thomas (1980). 

Hybridization of radiolabeled nucleic acids 

Doubie-stranded DNA was radiolabeled by nick translation with DNA 
polymerase 1 according to the method of Rig by et ai (1977) Hybridization of 
radiolabeled DNA to RNA bound to nitrocellulose was as described by 
Thomas (1980). Autoradiograph> was performed at -70 C C using Kodak 
XAR-5 film and a DuPont Krone\ Lightning-plus intensifying screen. 

Sequence analysis 

.Antibodies were purified from ascites fluid by (NH 4 ) 2 S0 4 precipitation 
followed by ion-exchange chromatography on DEAE -cellulose (Reth et ai, 
1979) or in the case of NP-binding antibody 251.5 by absorption to (NIP- 
cap)-Sepharose and subsequent elution from the washed sorbent with 10 ' 3 M 
N IP-cap [{5-iodo-3-mtro-phenyl)acetyl-caproic ac 'd] m phosphate-buffered 
saline (Bruggemann et ai, 1982). 

The isolation of heavy chain variable region CNBr fragments and their 
subsequent sequence analysis was performed as described previously (Dildrop 
et at, 1982). 
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mechanism of NA release from rat cerebral-cortex synapto- 
somes. Because immunocytochemicai studies have shown that 
B-50 is found in synapses throughout the brain 21,2 *, B-50 could 
be more generally involved in transmitter release. Three lines 
of evidence suggest that the phosphorylation of B-50 by PICC 
is essential for stimulus-secretion coupling during transmitter 
release: (I) phorbol esters that directly activate PKC enhance 
the release of a variety of neurotransmitters 1 " 4 ; (2) by using an 
antibody-independent approach, we have previously shown that 
depolarization^induced neurotransmitter release from non- 
permeabilized synaptosomes and hippocampai slices is closeiy 
correlated with a PKC-mediated increase in B-50 phosphoryla- 
tion 18 ' 23 ; and f 3) here we have shown that and- B-50 IgG inhibits 
B-50 phosphorylation as well as Ca 2 "-dependent transmitter 
release. If B-50 phosphorylation by PKC is indeed involved in 
the mechanism of transmitter release, then a long-term increase 
in PKC-mediated B-50 phosphorylation^- 17 could be one of the 
mechanisms underlying the increase in the release of glutamate 
that occurs during long-term potentiation 5 " 7,24,25 . 

In view of the localization of B-50 at the inner leaflet of the 
plasma membrane 21 " 6 , we suggest that B-50 is involved in the 
regulation of vesicle fusion with the plasma membrane, a process 
in which the vesicle-associated protein synapsin I (a substrate 
of calmodulin-dependent kinases) has also been implicated 27 * 23 . 
But the difference in the localization of phosphorylating enzymes 
of these two proteins indicates that they have distinct roles in 
the transmitter release process. It may be that the regulatory 
role of B-50 in vesicle fusion is not limited to transmitter release, 
but extends to membrane-fusion processes during neurite out- 
growth 29,30 . It remains to be investigated to what extent cal- 
modulin binding 14 and modulation of phosphatidyl inositol 
4-phosphate kinate activity 12 * 13 — putative properties of B-50 — 
are also involved in controlling neurotransmitter release. □ 
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Production of antibodies in 
transgenic plants - 7 $ 
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COMPLEMENTARY DNAs derived from a mouse hybridoma 
messenger RNA were used to transform tobacco leaf segments 
followed by regeneration of mature plants. Plants expressing single 
gamma or kappa immunoglobulin chains were crossed to yield 
progeny in which both chains were expressed simultaneously. A 
functional antibody accumulated to 1.3% of total leaf protein in 
plants expressing full-length cDNAs containing leader sequences. 
Specific binding of the antigen recognized by these antibodieswas 
similar to the hybridoma-derived antibody. Transformants having 
y- or K-chain cDNAs without leader sequences gave poor 
expression of the proteins. The increased abundance of both y- 
and K-chains in transformants expressing assembled gamma- 
kappa complexes was not reflected in increased mRNA levels. The 
results demonstrate that production of immunoglobulins and 
assembly of functional antibodies occurs very efficiently in tobacco. 
Assembly of subunits by sexual cross might be a generally appli- 
cable method for expression of heterologous multimers in plants. 

The source of immunoglobulin mRNAs was a hybridoma cell 
line expressing a catalytic Igd antibody (6D4) which binds a 
low molecular weight phosphonate ester (P3) and catalyses the 
hydrolysis of certain carboxylic esters. Constructs used for 
immunoglobulin expression in plants consisted of coding-length 
cDNAs of the 6D4 7- or >c-chain with or without their leader 
sequences. These cDNAs were modified to contain terminal 
EcoRl restriction enzyme digestion sites and were Iigated into 
the constitutive plant expression vector pMON530 (ref. 2) to 
form pHilOl (kappa, no leader), pHil02 (kappa, leader), 
pHi201 (gamma, no leader) and pHi202 (gamma, leader). We 
transformed tobacco plants using Agrobactervum containing 
each of these four plasmids 3 and screened leaf extracts from 
regenerated transformants for the presence of immunoglobulin 
heavy or light chains by enzyme-linked immunosorbent assay 
(ELISA) 4 . Transformants expressing individual immuno- 
globulin. chains were then sexually crossed to produce progeny 
expressing both chains. The results of the ELISA revealed high 
levels of kappa and gamma chains accumulating in individual 
plants containing DNA from both pHil02 and pHi202 (Table 
1; Fig. 2a). We verified the expression of both heavy and light 
chains by western blotting (Fig. 1 ). From the ELISAs, we judged 
that virtually ail the y- and ^-chains in these plants were 
assembled into gamma-kappa complexes (Table 1). Western 
blots provided additional evidence for assembled antibodies 
in that, under non-reducing conditions, most of the immuno- 
reactive y- and K-chains aggregated at a high molecular weight 
(Fig. 1). 

The binding specificity of the assembled gamma-kappa com- 
plexes was studied in ELISAs in which a P3-bovine serum 
albumin conjugate was used as antigen. The antigen binding by 
antibody derived from plants was equivalent to antigen binding 
by the 6D4 hybridoma antibody. Incubation of plant extracts 
or the purified 6D4 antibody with 50 u,moI l" 1 P3 for 3 h at 25 °C 
before addition to the ELISA eliminated antibody binding to 
the P3-BSA conjugate, demonstrating that binding was specmc 
for the P3 hapten. Half-maximal inhibition occurred with 
10 u-moi l~ l free P3 for both hybridoma and plant-derived anu- 
bodies. 

Transformants derived from the leaderless constructs pHilOl 
and pHilOl contained very low levels of k- and y-chains 
respectively, but Southern and northern blots (Fig.2) dem- 
onstrated the presence of transforming DNA and immuno- 
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FIG. 2 Southern and northern diets or leaf ONA ard RNA from transgenic 
plants exoressing tmmunogloDuiin cONAs. a. DMA was extracted from 1 g 
mature leaf tissue after freezing the f resn segments in (iauid N 2 . Homogenrz- 
ation into urea rnur 3 was in a mortar and oestle. The homogenate was 
extracted with pnenohCHCl, (1:1) ana the nucleic acids precoitated by 
addition of one volume of isooropyt atcohoi. The resuspended ONA (20 yig 
each) was cut with Hin<s\\\ and Souchern-oiottec as aescribea 13 . The prcoe 
used for coth Southern and northern blots was 32 P-ladeJIed pM0N53Q 
piasmid 2 containing either a kappa cONA or a gamma cONA. Both cONAs 
were useo m the hyortdizauon shewn. Lane i. DNA from a transformant 
expressing a light-chain cDNA without a leader sequence (pHilQl); lane 2. 
DNA from a neavy-cnain cDNA transformant. no leader (pHi201J: lane 3. DNA 
from a transformant expressing full-length light cnain with leader (pr!ilQ2); 
lane 4. DNA from a transformant expressing heavy cnam with leader (pHi2C2h 
lane 5. DNA from an F._ plant derived from a cross between plants expressing 
fuil-iengin gamma or Kappa cDNAs fpHil02xpHi202). c. Extraction of RNA 
from 1 g fresh leaf tissue was by nomogenization m 10 ml 0.1 M Tris-HCI. 
pH 9.0. and 10 ml phenol saturated with this buffer, using a Polytron at high 
speed. Nucieic acids were precipitated oy addition of one tenth volume 3.0 M 
sodium acetate. pH 5.0. and 1.5 volumes isoprooyl alcohol. Resusuenced 
RNA was eiectropnoresed in gels containing formaldehyde and northern 
blotted onto nyion memcranes [Amersnamf as described 1,9 . Lane 1. RNA 
from a transformant expressing a light-chain cDNA without a leader 
secuence (cHilOl): lane 2. RNA from a heavy-chain cCNA transformant. no 
leader (oHi201): lane 3. RNA from a transformant excresstng full-length light 
chain with leader (oHil02): lane 4, RNA from a transformant exoressng 
heavy cnain with leader (pHi202): lane 5. RNA from an F. plant derived from 
a cross between plant expressing full-length gamma or kacca cCNAs 
(prtlOS xprii202). Total RNA (20 >ig) was loaded in eacn lane. Lanes from 
separate hyondizations were aligned with respect to the 18S (1900 base 
pairs) and 25S (3.700 base pairs) nbesomai RNA banas on the olots. detected 
by methyier.e-Olue staining. 

Expression of functional antibodies from transcripts that do 
not contain signal sequences may require modifications to yield 
alternative antigen-binding structures (such as single-chain anti- 
gen-binding proteins*' 7 ) that do not need to be assembled. Thus 
binding of constituents of metabolic pathways involved in mor- 
phogenesis, stress responses or plant-pathogen interactions 
couid be used :o further our understanding of these processes 
in a way analogous to the blocking by microinjected antibodies 
of spec:nc protein functions in mammalian cells 1 " 13 . 

As iarge macramoiecuies such as protein multimers do not 
pass through plant cell walls 1 " 1 - 13 , :he binding by antibodies of 
small organic molecules (toxins, heroicides, plant hormones, 
organic chelates, for example) thai arc permeable to the ceil 
wail might result in the net uptake and retention of these 
molecules in the plant. Accumulation of functioning antibodies 
may provide new options for the recovery of an array of environ- 
mental contaminants, as weil as other biologically significant 
organic;. Catalytic processing of small molecules witnin ceil 
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wail boundaries by antibodies may also become a generali? 
strategy for the elimination or modification of permeable orga: 
compounds and could introduce new catalytic properties ir 
existing metabolic pathways. 
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THE human pan-leukocyte antigen Leu-8 has attracted wide inter 
est because its presence or absence identifies suppressor-induce 
and heiper-inducer CD4^ T-lymphocyte subsets respectively. W 
report here that Leu-8 is the human homologue of the mous 
Mel- 14 horning receptor, a molecule that promotes the initia 
adhesion of blood-borne lymphocytes to the specialized post-capil 
lary endothelium of peripheral lymph nodes. We also show tha 
Leu-8 can adopt both conventional and phospholipid anchoret 
forms, a finding that may have relevance in the context of antiger 
shedding following activation or homing. The assignment of lym 
phocytes to different functional ciasses based on lymph nod< 
homing potential may represent a more general association betweei 
lymphocyte function and tissue distribution. 

Two complementary DNA clones encoding Leu-3 deter 
minants were isolated from a human T-cei! library by method: 
previously described 1 ^. DNA sequence analysis showed thai 
the longer insert of the two contains 2J50 residues, whereas the 
snorter lacks ^36 internal residues but is otherwise identica. 
(F:g. 1). The precicied polypeptide sequences were found tc 
diverge at their C-cermini. 

The protein encoded by the larger insert bears a strongl} 
hydrophobic putative membrane spanning domain near its C 
terminus, fallowed by several positively charged residues resem- 
bling a cytoplasmic anchor sequence. The protein is closeiy 
related to the recently described murine Mei-!4 homing recep- 
'.or 3 -" (Fig. 1) and the corresponding cDNA sequence shares 
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Abstract 

Immunoglobulin light and heavy chains are synthesized in mammalian cells as precursors containing a 
signal peptide. Processing and assembling result in formation of active antibodies. Chimeric genes have 
been made containing the coding sequence of the barley a-amylase signal peptide which has been fused 
to cDNAs coding for either the mature light or the mature heavy chain of a monoclonal antibody. A 
plasmid was constructed linking both chimeric genes under the control of plant active promoters in an 
expression cassette. This DNA fragment was stably integrated into the genome of Nicotiana tabacum by 
Agrobacterium tumefaciens mediated gene transfer. Synthesis of light and heavy chains and assembly to 
antibodies was detected in transgenic tobacco tissue using specific secondary antibodies. By electron 
microscopic immunogold labeling, the presence of assembled antibody could be detected within the 
endoplasmic reticulum. Affinity chromatography indicated biological activity of the assembled immuno- 
globulin produced in plant cells. Unexpectedly, a significant amount of assembled antibodies was found 
within chloroplasts. 



Introduction 

Expression of light and heavy chains of monoclo- 
nal antibodies in non-hmphoid tissues has 
become an important area of research during the 
past years. In native hmphoid cells, immuno- 
globulin light and heavy chains are synthesized as 
precursor proteins. The signal peptides direct 
insertion of the nascent chains into the lumen of 
the endoplasmic reticulum (ER). Inside the ER, a 
heavy chain binding protein i B:P) interacting with 



noncovalently associated immunoglobulin heavy 
chains mediates assembly of immunoglobulin 
light and heavy chains [4, 17, 20]. Recently a 
relationship of BiP to other proteins regulating 
transport of secretory and membrane proteins 
(GRP 78 and HSP 70) was reported. These pro- 
teins seem to have a general function in stress 
management [12, IS, 21, 26]. 

In £. cod, expression of light and heavy chains 
of monoclonal antibodies lacking the natural sig- 
nal peptides did not result in the production of 
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tanciionai antibodies w.thir. the transformed bac- 
terial cells. Oniy ; „ v ;:ro reconstitute of bacterial 
extracts or purified fractions containing both 
chains resulted in the recovery of antigen binding 
activity [6. 9]. This was ascribed to* the high!* 
reducing intracellular environment inhibitine'di- 
sulnde-bond formation or the lack of a special 
helper protein [9] or simply to low level expres- 
sion [5]. Expression of a native light chain precur- 
sor gene produced a secreted immunoglobulin 
chain [-16]. Recently, fusion of both intact or trun- 
cated light and heavy chains to bacterial signal 
peptides and expression of these chimeric genes in 
E.coli was successful. Protein engineering 
allowed the assembly of secreted functional 
chimeric antibodies or fragments linked bv disul- 
fide bonds [1. 35]. 

The immunoglobulin chains expressed by Boss 
et at. [5] in E. coli were also expressed in yeast 
cells but in this case as native precursor proteins 
[43]. Synthesis, processing and secretion of light 
and heavy chain, glycosylation of heavy chain and 
detection of functional antibodies in extracts from 
cells co-expressing both chains was demon- 
strated. Yet, the efficiency of assembly was low. 

Bv fusion nf rhir-n^r-;^ i.l. i- , . 

wt niimuuu^juuuiin cnains to 

the yeast invertase signal peptide Horwitz eta!. 
[22] achieved secretion of properly folded and 
assembled chimeric antibody and F ab -fragment 
from yeast cells. 

We have constructed chimeric genes consisting 
of the mature light and heaw chain genes" 
derived from cD.VA clones of the B 1-8 antibody 
[6. 7] and the barley aleurone a-amvlase sienal 
peptide coding sequence [ 1 3, 14]. This signal pep- 
tide has already been used successfully to direct 
transport of bacteriophage T4 ivsoz'vme fmm 
transgenic tobacco cells to the intercellular spaces 
[ l-\ 23]. Thus, initiation of the secretorv pathway 
was also expected for the chimeric ' immuno- 
globulin chains in transgenic plant tissue. 

Transgenic tobacco tissue synthesizing both 
immunoglobulin chains was show- i 0 produce 
functionally active B 1-3 antibody by using 
specific interaction with its antigen. Subcellular 
localization indicates assembly of the antibodv j" a 
'-he endoplasmic reticulum. Synthesis and assem- 



bly of a complex foreign protein to a biological 
active moiecuie inside transgenic plan; ceils is 
possible by fusing the individual chains to a plant 
signal peptide. h 



Materials and methods 

All cloning and DNA manipulations were per- 
formed according to Maniatis ei at. [30]. 



Plasmids, bacterial strains, and media 

Piasmids and bacterial strains are listed in 
Table I. pAB ;. 1-15 and pAB p-H were gifts 
from A. Radbruch; pLC 1-4, pHC 1-3 pHC 
3-19 and pLGV 2335 Bg!^ Hind from 
M. Stieger. 

Recombinations, transformations and conju- 
gations were carried out as described else- 
where [15]. 



Construction of chimeric signal peptide light- and 
heavy-chain genes 

The DNA sequence coding for the signal peptide 
of a-amylase from barley aleurone layer {Clone E 
1 33 ]) was fused to the cDNA fragment codinc for 
the mature light chain of B 1-8 amibody"[8] 
(Fig. lb). The signal peptide coding fragment was 
excised from pSR 1-1, a pL'C 9 plasmfd contain- 
ing the Clone E 2-amylase cDNA of Rogers 
and Milliman [14]. A synthetic oligonucleotide 
providing a 5' Hind 111 site was ligated under 
conservation of the Nco I site which overlaps with 
the ATG initition codon of the signal peptide. The 
mature light chain coding sequence was excised 
from plasmid pLG V 2335 Lc. The isolated sianal 
peptide coding sequence was fused at its 3' "end 
to a synthetic oligonucleotide providing the 3' 
nucleotides of the signal peptide coding sequence 
and the 5' nucleotides of the light chain gene. The 
complete chimeric gene was ligated in the correct 
orientation into the selection-expression vector 
pAP 2034 [41] containing the T R - 1 ' 2' dual pro- 
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facie ns) (pSR 1-4). 

An analogous construction was built with the 
mature heavy chain coding sequence (Fig. lc). 
The signal peptide coding sequence was again 
prepared from plasmid pSR 1-1 but fused to 
another synthetic oligonucleotide at the 3' end 
comprising the missing 3' nucleotides of the sig- 
nal peptide coding sequence and the 5' part of the 
gene coding for the mature heavy chain. 

For integration into the piant genome a trans- 
formation vector containing both chimeric genes 
under control of plant active regulatory elements 
within a short distance was constructed. This 
!:nal transformation vector contains under con- 
trol of the pT R dual promoter the NPT II gene as 
a selectable marker (in the 2' position) amd the 
chimeric light chain gene (in the 1' position) and 
under control of the pNOS the chimeric heavy 
chain gene (Fig. la). 

This plasmid was introduced into the plant 
transformation vector pGV 3 S50 [-5] by homol- 



ogous recombination. Recombinant Agrobac- 
ierium was tested for correct integration of the 
plasmid by Southern blotting (modified following 
Southern et al. [37], data not shown). 

Plant transformations 

Transformations of Nico liana labacum W38 
plants grown in sterile culture were performed as 
described elsewhere [15]. 

Demonstration of transformation of regenerated 
plants 

DNA analysis of transformed plants regenerated 
from the leaf disk infections were done according 
to Southern [37] and Maniatis et al. [30]. NPT- 
activity tests were performed following the proto- 
cols of Reiss et al. [31] and Schreier et al. [35]. 
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Fig. 1. Construction of chimeric genes consisting of the barley aieurone i-amylase signal peptide coding sequence and the mature 
3 1-8 light- and heavy -chain cDNAs. Description of the construction in 'Materials and methods', a (top): Structure of the 
transformation vector pSR 4-3 containing both chimeric genes under control of plant active regulator)' elements, b (middle): 
Structure of the 5' part of the chime- signa! pepnde-light chain gene, c (bottom): Structure of the 5' part of the chimeric signal 

peptide -heavy chain gene. 



Tissue printing 

Tissue printing was done modified following the 
procedure of Cassab and Vamer [10]. Nitrocellu- 
lose filters were incubated for 30 min in 0.2 M 
CaCl : and air-dried. Immobilon PVDF mem- 
branes were wetted in methanol and substituted 
in water. Tissue was cut and weakly pressed with 
the cut surface on the prepared membrane for 
about 30 s. Nitrocellulose filters were dned with 
warm air. Detection is the same as for western 
blotting (desenbed below). Pre-absorption of the 
antibodies used for detection by wiid-t\pe protein 



extract is often essential in order to circumvent 
cross reactions. 

Protein analysis by western blotting and affinity 
purification of foreign protein from transformed plant 
tissue 

B 1-8 protein, Ls 136, Ac 38, goat anti-mouse 
IgM and goat anti-A antibodies as well as 
NP-Sepharose, L136-Sepharose and NiP-cap 
were gins from A. Radbruch and M. Reth. 
Protein analysis was earned out using a modi- 



Med \ ersion of uestem blotting [391. Plant tissue 
^ as homogenized in SDS-sampIe buffer supple- 
mented by protease inhibitors fl/:M leupepiin. 
I ;;M?epsiaiin.:O0^M PMSF. ICXhiM EDTA) 
and loaded on a discontinuous i 5 ° 0 SDS-poIy- 
acryiamide gel according to Laemmii [25]. The 
separated proteins were transferred to an Im- 
mobiion PVDF membrane (Millipore, Bedford, 
USA) by semi-dry electroblotting [27], For 
immunodetection the membrane was blocked 
with 1 °o gelatin (BioRad, Richmond, USA) at 
room temperature to avoid nonspecific adhesion 
of proteins to the membrane. All antibodies were 
first preincubated for IOmin with wild-type 
tobacco protein extract to minimize nonspecific 
protein-protein interactions in TBS buffer 
(10 mMTris-HCI pH 8.0; 150 mM NaCI) includ- 
ing l 0 o Triton X-100. 0.1% Tween 20.0.3% gela- 
tin and protease inhibitors. After each incubation 
the membrane was washed 1 x in TBST 
(TBS + 0.1% Tween 20), 1 x in TBST + 1 M 
NaCI and 3 :< in TBST (each 10 min). 

Antibodies used for detection of individual 
immunoglobulin chains and assembled antibody 
are described in Table 2. 



- Table 2. Antibodies. 



Monoclonal 


Epitope recognized on B 1-8 Reference 


amibody 




Ls !;6 


Localized only on /.-light chain Reth [32] 


Ac 38 


Localized next to the active Reth [32] 




site, formed by quanernary 




structure of light and heavy 




chain 


Polyclonal 


Used for detection of: References 


an;; body- 




Goal ami-/. 


Light chain Southern 




Biotechnol. Assoc. 


Goat 




anu-lgM 


Heavy uhain A. Radbruch 


Bio-nut 




mouse UG 


(second antibody) Sigma 


Sio-anti 




goat IgG 


(second anybody) Sigma 



Proteins were delected by a series of incu- 
bations uith appropriate antibodies. Anti-IgM, 
Ls 136 and A: 3S uere followed by a biotin> iated 
secondary antibody and the strepiavidin-alkaline 
phosphatase conjugate from BRL (Bethesda, 
USA). In the case of biotinylated ami-/, the 
second antibody was omitted. Colour develop- 
ment became visible within a few minutes to some 
hours after application of NBT (Nitroblue tetra- 
zolium) and BCIP (5-bromo-4-ch!oro-3-indoIyl- 
phosphate)in 100 mM Tns-HCl pH 9.5,100 mM 
NaCI and 5 mM MgCK. 

For aiTinity chromatographic "purification of 
the foreign protein from transformed plant tissue 
the plant material was homogenized in a mortar 
with a pestle under liquid nitrogen cooling. The 
homogenate was transferred to a Corex tube and 
extraction buffer (100 mM PBS) and polyvinyl- 
polypyrrolidone (PVPP) were added. Per gram of 
tissue 50 mg PVPP and 1 ml 1 x PBS supple- 
mented with protease inhibitors (as described 
above) were added. As a protective agent against 
oxidation the solution is made 5 mM ascorbic 
acid. In order to solubilize all membrane encapsu- 
lated proteins 1 °; Triton X-100 or better 10 mM 
CHAPS may be added as a detergent. After 
15 min extraction was finished by centrifugation 
of cell debris at 10000 rpm at 4 C C in a Sorvall 
SS 34 rotor (DuPont, Dreieich, FRG). If a deter- 
gent was used for solubilization the supernatant 
had to be diluted to about 0.1% Triton X-100 or 
2 mM CHAPS for affinity chromatography. The 
supernatant was rotated on a roler at 4 = C for 
30-60 min to precipitate oligosaccharides. Sub- 
sequently the precipitate was centrifuged at 
4 000 rpm at 4 : C Total amount of protein was 
determined by a Bradford assay (BioRad, 
Richmond, USA) and equal amounts of total pro- 
tein were used for transformed and control tissue. 
The protein extract was incubated with NP- 
Sepharcse (the hapten for isolating the functional 
B 1-8 antibody) or Ls 136-Sepharose (for iso- 
lating the light chain) overnight at 4 : C under 
slow rotation in a batch assay. By centrifugation 
(4000 rpm, 4 : C in a Varifuge, Heraeus, 
Osterode, FRG) the aiTinity gel was precipitated 
and the supernatant was discarded. The gel was 
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transferred to an Eppendorf tube. All the follow- 
ing steps were performed at 4 : C. The gel was 
washed subsequent!) 1 x with 1 ml 1 / PBS. I x 
with 1 ml 1 x PBS I M NaCl and 3 x with 1 ml 
1 x PBS; all solutions were supplemented with 
protease inhibitors. The specifically bound anti- 
body was eluted 3 x with 200 ^1 of a 10" J M 
N IP-cap solution [(5-iodo-4-hydro\y-3-nitro- 
phenyl)acetyl-a-aminocaproic acid] from the NP- 
Sepharose or 3 x with 200 ^1 of 0.1 M glycin 
pH 2.8 and immediately neutralized with 0.1 vol 
1 M Tns-HClpH 3.0 (for :he Ls 136-Sepharose). 
The eluate was concentrated by ultrafiltration, 
desalted by washing with 1 vol water and total 
volume was reduced to about 10 The same 
volume of 2 x SDS-sample buffer was added and 
the sample loaded onto a western gel and analyzed 
as described above. 

Imnvunogold labeling 

Plant tissue was prepared following the high-pres- 
sure freezing method in combination with freeze 
substitution and low-temperature embedding in 
Lowicryl HM20 as described elsewhere [23]. 
Immunocytochemistry followed the same proto- 
col but with some modifications. In some cases an 
additional blocking agent (3% newborn calf 
serum) was introduced in the preincubation step. 
Antibodies used for immunogoid labeling were 
polyclonal bioiinylated ami-/., monoclonal Ls 136 
and bioiinylated Ls 136 for detection of the light 
chain and monoclonal Ac 38 for detection of the 
assembled B 1-3 antibody. Two systems were 
used for detection: either direct incubation of the 
first antibody with colloidal gold-adsorbed Pro- 
tein A (Auroprobe EM Protein A.G 10, Janssen, 
Beerse, Belgium) for polyclonal antibodies and 
colloidal gold-adsorbed goat anti-mouse IgG 
second antibody (Auroprobe EM Goat anti- 
mouse IgG G 10; Janssen, Beerse. Belgium) for 
monoclona! antibodies or colloidal goid-adsorbed 
streptavidin (Auropobe EM Streptavidin G 10, 
Janssen, Beerse. Belgium) for all bioiinylated 
antibodies. In the case of Ac 33 a bioiinylated 
goat ami- mouse IgG second antibody was used to 
enter the streptavidin system. 



Results 

Integration of chimeric immunoglobulin genes into 
tobacco plants 

The chimeric plant signal peptide light- and hea\y- 
chain eenes (Fig. lb and c) were cloned into a 
single plasmid (pSR4-3. Fig. la). This vector is 
derived from the plant selection-expression \ector 
pAP 2034 [41 ]. The chimeric light-chain gene was 
integrated into the single Sal I cloning site next to 
the 1' position of the pT R dual promoter. The 
chimeric heavy-chain gene was set under the con- 
trol of the pNOS promoter. Both promoters 
derive from the Agrobcciehum tumefaciens 
T-DNA. The plasmid pSR 4-3 was integrated 
into the modified Ti-plasmid pGV 3850 [45] by 
homologous recombination. By leaf disk infection 
followed by selection on kanamycin the chimeric 
genes were stably integrated into the genome of 
Sicotiana tabacum. Integrity of the transferred 
DNA was confirmed by Southern blotting (data 
not shown). The functionality of the dual pro- 
moter in transgenic plant tissues was confirmed 
by testing for activity of the NPT II gene [31, 35] 
present in the 2' position of the dual promoter 
(data not shown). 

De tec lion of immunoglobulin chains and assembled 
antibodies bv affinity chromatography and immuno- 
blotting 

For detection and characterization of the mono- 
clonal antibody B 1-8 a set of different anu- 
antibodies was used (Table 2). Apart from the 
polyclonal antibodies interacting specifically with 
lieht or heavy chains, several monoclonal anti- 
idiotype antibodies are available [32], Ls 136 
recosnizes the lambda light chain individually as 
well as in the assembled antibody. The idiotope is 
determined only by the light chain. Ac 33 can be 
used to detect the correct assembly within plant 
ceils because the idiotope is formed by parts both 
of V H and V L domains. The idiotope is not pan 
of the antieen binding site but located closely to 
it. No interaction of Ac 38 does occur with ;so- 



iated light or heavy chains. The iCioiope is 
presumably located \\;th;n the hnpervariable 
regions. All the six hypervanable regions of B I-S 
term a cavity around ihe NP-binding site. 

By 'tissue printing' [10] presence of light and 
heavy chain as well as the assembly to intact 
antibodies was indicated using dilTerent poly- 
clonal and monocionaJ anti-antibodies. Callus 
tissue derived from leaves of transformed plants 
u as used for analysis because activity of both 
promoters was shown to be highest in calli (K. 
During, unpublished results). In transformed 
tissue the blue color of the enzymatic reaction 
overlaid the light-green color originating from 
chlorophyll partially fixed to the filters. Using 
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F:g. - . Tissue printing" of callus tissue regenerated from 
transformed tobacco plants as described in 'Materials and 
methods'. Weak stainmgs in the control experiments are due 
to hght-green color originating from chlorophyll m contrast 
to the dark staining of the blue NBT BC1 P-substrate precipi- 
tate m printings from transformed tissue, a. Detection of 
light chain with biotmylated polyclonal ami-/, antibody. 

b. Detection of light chain with monoclonal Ls 136 antibody. 

c. Detection of heavy chain with polyclonal anti-mouse IgM 
antibody, d. Detection of assembled antibody with monoclo- 
nal Ac 3S antibod) ft: transformed tissue, nt: wild-type (non- 
transformed ) tissue as control). 



polyclonal ami-/. (Fig. 2a) and monoclonal Ls 136 
1 Fig. Ib) the presence of light chain and usine 
goat anti-mouse IgM (Fig. 2c) the presence of 
heavy chain in transgenic cailus tissue was dem- 
onstrated. The specific binding of Ac 3S (Fig. 2d) 
to the plant proteins adsorbed to the membrane 
indicates assembly of both chains to structurally 
intact antibodies providing the correct tertiarv 
structure of the idiotope formed by both chains. 

Western blotting using crude protein extracts 
was successful only in the case of callus tissue. 
Detection by the polyclonal anti-A antibody 
revealed synthesis and processing of the chimeric 
precursor light chain (Fig. 3a). The observed 
band migrated at the same position as purified 
B 1-8 light chain (which is the processed form). 
No additional band providing a higher molecular 
mass which could represent a precursor light 
chain could be detected. This suggests that 
processing of the foreign light-chain precursor 
protein in plant cells is very efficient. 

Analysis of leaf tissue was performed after 
wounding and incubation for 5 days with 1 0 ~ 5 M 
2,4-D and 10" 5 M Kinetin. This was done in 
order to obtain highest possible induced expres- 
sion rates for both foreign genes (K. Daring, 
unpublished results). Purification by affinity chro- 
matography with the NP hapten applied to pro- 
tein extracts from induced greenhouse plant 
leaves confirmed the presence of assembled 
B 1-8. Binding of the antibody produced in plant 
cells to its antigen also implies its biological 
activity. Plant material was extracted and total 
protein incubated with a NP-Sepharose affinity 
gel. The binding affinity of B 1-8 to NiP (a related 
hapten; heteroclitic properties of B 1-8) is 
higher than to NP (the original immunizing 
hapten) [32]. Elution of the affinity gel with NiP 
released bound antibodies which were then 
loaded onto a denaturing western gel. The B 1-8 
light chain could be detected by the polyclonal 
anti-A antibody. This indirect analysis proves the 
functionality of the assembled antibody in plant 
extracts because isolated light chains do net inter- 
act with NP. 

Extraction of plant tissue with a pure PBS 
solution produced a cross-reacting band on the 
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j. a flop). Western blotting of transgenic tobacco tissue 
as described in "Materials and methods', detailed description 
of experiments in 'Results'. Lane a : crude extract from callus 
regenerated from transformed leaf; ianeb: crude extract 
from wild-type \V38 callus; lane c: positive coniroi: purified 
B 1-8 protein, processed light chain; lane a-c: all samples 
•A-sre extracted in denaturing SDS-sampIe buffer at 95 : C; 
detection of light chain with polyclonaJ anti-A antibody, only 
processed light chain can be detected in transgenic tissue; 
lane d: demonstration of functionality of B 1-8 produced in 
induced transgenic greenhouse tobacco leaves by affinity 
chromatographic purification of the antibody with NP- 
Sepharose from plant PBS extract and subsequent denatur- 
ing western blotting; detection of light chain with poly clonal 
ami- a antibody; upper band shows processed light chain; 
louer band: non-specific cross reaction; lane e as lane d: 
negative control with wiid-type W}8 leaves; Ic.e: f and g: 
analysis of 10 mM CHAPS-PBS extract from induced 
greenhouse !ea\ es by affinity chromatographic purification of 
the antibody and subsequent denaturing uestern blotting; 
detection of light chain with polyclonal anti- a antibody; 
lane f: isolation of light chain with Ls 1 36- Seph arose; lane g- 
demonstration of functionality of 3 1-8 produced in trans- 
genic piant tissue win N?-Sepharcse and detection of light 
chain; lane n and i as lanes f and z. respectively: negative 
controls w -, t h '*:id-;>pe ^"38 leases. 



blot slightly lower than light chain uhich is also 
present in the vA-;id-t> pe tissue coniroi (Fig. 3a. 
lane d ~ e). Addition of the detergent CHAPS to 
the extraction buffer prevented binding of this 
protein to the affinity gel but decreased band 
intensity on the blot (Fig. 3a, lane g ft. Addi- 
tionally, the detection of light chain was confirmed 
by affinity chromatography from a CHAPS-PBS 
extract using the Ls 136 monoclonal antibody 
(Fig. 3a, lane f+h). Analysis of the blotting 
membrane (Fig. 3, lane g) by densitometer scan- 
ning corroborated the results obtained by eye 
visualization (Fig. 3b). Also in these experiments 
no precursor light chain could be detected. All 
bands detected were located at t lie same position 
as purified light chain. 

Localization by electron microscopic immunogold 
labeling 

CaUus and stem tissue from transgenic tobacco 
plants induced by wounding and hormone appli- 
cation were analyzed by immunogold labeling at 
electron microscopic level following low-tempera- 
ture preparation [23]. Ultrathin sections from cal- 
lus tissue were incubated with biotinylated Ls 136 
antibody and streptavidin-gold. Labeling was 
detected as striking accumulations of 3 to 10 gold 
panicles in the cytoplasm (Fig. 4c) which were 
not found in the controls of wild-type tissue. 
Accumulation of several gold particles is typical 
of the biotin/streptavidin enhancement technique. 
Sections from callus and induced stem tissue were 
labeled with the monoclonal Ac 38 antibody and 
detected by colloidaJ gold-adsorbed anti-mouse 
IgG antibody. Assembled B 1-3 antibody could 
be detected in the endoplasmic reticulum (Fig. 4a) 
and surprisingly also inside chloropiasts often 
localized at thylakoid membranes (Fig. 4fa; 
mostly 10-20 gold particles per chloropiast). 



b i bottom J. Densitometer scanning of the western blotting 
membrane. Fig. Ha iane g. Analysis was done on a LK3 
t'HroScan XL laser densitometer f.LKB. Bromma, Sweden!; 
measurement without smoothing; the peak corresponding to 
the band at the size of mature processed light chain :s indi- 
cated by an arrow. 





r/y •* . Imrr.uncotocherr.ical localization ot'li^h; chain and assembled antibody in sections of callus and .tiJ ucsd item tissue 
from transgenic tobacco pianis. For details of electron microscopy see 'Materials and methods" 

A-C. transformed tissue; A callus: labeled endoplasmic reticulum, detection of assembled antibodv unh monoclonal Ac 38 
antibodv , t.sc: eniarsed ervieu on tne endoplasmic reticulum section at lo« er magnification . 3 :ou ot ^tcm. ind j-ed ;aoeied 
chlorcplast. detection of assembled anuboc> ^'tr, monoclonal Ac 38 anybody; C* callus' c;- tnpa^mtc . -r»ci: . detection of light 
chain u:th monoclonal Li i 36 antibod>: J." -a iid-t> pe stem tissue: cytoplasm with endoplasmic rcticu.uui. ^nded ^itr. Ac 33; 
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Controls die not show any specific labeling. No 
labeling could be detected near or u i;hin ceil wails 
or in the intercellular spaces, in the Golgi appara- 
tus or in secretory vesicles. Fine structure locali- 
zation u;ll be continued. 

Assembly of ihe B 1-8 antibody in plan: cells 
inside the endoplasmic reticulum is indicated bv 
specific labeling. Detection of light chain in the 
cytoplasm without any corresponding labeling for 
assembled antibody suggests that part of the 
synthesized light chain is separated from the nor- 
mal secretory pathway. 

Discussion 

Immunoglobulins are synthesized in mammalian 
cells as precursors, containing specific signal pep- 
tides. .After transport to the ER lumen these 
N-terminaJ extensions are cleaved off. The heavy 
chajn is then glycosylated and light and he aw 
chains assemble to form intact antibodies. 

For expression and assembly of the immuno- 
globulin subunits we constructed chimeric genes 
containing a plant signal peptide and the struc- 
tural genes [13, 14]. A similar approach has 
already been taken for secretion of a chimeric T4 
lysozyme in transgenic plants [15, 23]. The barley 
2-amyIase signal peptide effected transport to the 
intercellular space. Using the same signal peptide 
we expected to find the immunoglobulin chains 
within the ER lumen. Comparable experiments in 
E. coli and yeast have shown that assembly of an 
active antibody is possible in both organisms oniy 
in the presence of signal peptides in the foreign 
precursors [ 1, 24, 36, 43]. Our data provide evi- 
dence that light and heavy chain are transported 
to the ER and that the subunits assemble within 
its lumen. 

Detection of the synthesis and assembly of the 
monoclonal B 1-8 antibody in transgenic tobacco 
cells was performed by immunological methods. 
Tissue printing and western blotting provided 
data showing synthesis of both immunoglobulin 
chains as well as processing of the chimeric pre- 
cursor light chain. The heavy chain could not be 
detected on western blots because of the lack of 



a specific and highly sensitive anti-antibodv. 
Assembly of the antibody couid be shown by 
tissue printing using an anti-idiot; pic antibody. 
Binding of B 1-8 produced by plant ceils to its 
Sepharose-bound hapten (NP) indicates 
functional activity. The bound antibody can be 
released by a related hapten (NiP) because B 1-3 
shows heteroclitic properties. Detection of the 
light chain in this eluate demonstrates the pres- 
ence of a functional antibody within plant ceils. 
Individual light chains do not interact with the NP 
hapten [32]. Assembly of light and hea\y chains 
in the ER is indicated by imrnunogold labeling 
using the Ac 38 anti-idiotypic antibody. Glvco- 
sylation of the heavy chain has not been investi- 
gated because of insufficient sensitivity. 

Assembly of a stable active antibody involves 
formation of intramolecular disulfide bonds. This 
should be greatly facilitated in the endoplasmic 
reticulum because of the presence of disulfide 
isornerase. As described for a eucaryotic protein 
expressed in a procaryotic cell, the bacterial 
periplasmic space corresponding to the 
eucaryotic endoplasmic reticulum in the secretory 
pathway provides an environment facilitating for- 
mation of disulfide bridges since both compart- 
ments are involved in the first step of protein 
export. Spatial concentration within the ER may 
promote assembly to an active antibody. In addi- 
tion, the important role of chaperonins such as 
BiP in protein folding and assembly is currently 
to be elucidated [6, 12, 19, 20, 26. 34]. Most 
probably similar plant chaperonins can be 
expected also in the ER but not in the cytoplasm. 
All these factors may be important in producing 
multimeric proteins as antibodies in transgenic 
plants. Nevertheless, in mouse cells the assembly 
of B 1-8 antibody lacking any signal peptide was 
obtained cytoplasmically although with very low 
efficiency [3]. 

Imrnunogold labeling at electron microscopic 
level provided additional data for the localization 
in the transgenic tissue. Binding of monoclonal 
Ls 36 antibody in the cytoplasm has to be due to 
the presence of individual light chains since no 
corresponding labeling couid be found for an 
assembled antibody. This labeling may represent 
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a pan oi :he Iieh : chain aborted from the secretory 
pathway. Garcia ct ai [16] described an analo- 
gous phenomenon for the precore protein of hepa- 
titis 3 wrus. About 70-SO ° 0 of the protein were 
found in an in vitro experiment in the cytosolie 
fraction although the signal peptide had been 
cleaved o:T implying a release of the processed 
protein from the endoplasmic reticulum. Immuno- 
globulin light chain may be produced in excess in 
relation to the heavy chain in transformed tissue 
because of higher promoter activity of the dual 
promoter directing the chimeric light-chain gene. 
Therefore part of the light-chain molecules 
always may remain unbound. 

Localization of assembled antibodies in chloro- 
piasts was detected unexpectedly. Significant 
amounts of goid panicles were found with the 
monoclonal Ac 38 antibody inside these organel- 
les. Control experiments with wild-type tissue did 
not show unspecific labeling. No convincing ex- 
planation can be given at the actual knowledge. 
No features of these engineered proteins were 
expected to direct an import of assembled anti- 
body or individual immunoglobulin chains into 
chloroplasts. Therefore we cannot decide whether 
an import occurred or if other reasons cause this 
specific labeling. Immunogoid labeling of trans- 
genic tobacco tissue secreting a chimeric T4 Iyso- 
zyme fused to the same a-amylase signal peptide 
revealed an unexpected localization of lysozyme 
in proplastids [15]. Elucidation of possible corre- 
lations requires further analysis. 

No other labelings characterizing the secretory 
pathway or showing a final localization of the 
assembled antibody or its individual chains were 
found yet. Further fine structural analysis at elec- 
tron microscopic level is under work. 

In conclusion, the experiments described here 
provide evidence for the synthesis, insertion into 
the endoplasmic reticulum and assembly of 
immunoglobulin light and heavy chains as well as 
for the biological activity of the produced mono- 
clonal antibody. Fusion of the immunoglobulin 
chains to a plant signal peptide may be the essen- 
tial factor for production in transgenic" plants 
when reviewing the actual state of knowledge con- 
cerning biosynthesis of antibodies in lymphoid 



cells. Expression of monoclonal antibodies in 
plants might be of importance in basic as well as 
in applied plant research. 

In a paper just published by Hiatt ei ai [22] a 
very similar approach for expression and assem- 
bly of a monoclonal antibody in transgenic plant 
tissue was described. In this case the natural 
mammalian signal peptides of light and heavy 
chains were used instead of a plant originating 
signal peptide. Analogous constructions without 
any signal peptide were also tested but only very- 
low levels of single chains and no assembly could 
be detected in transgenic plant tissue. It was 
reported that expression of both precursor coding 
cDNAs in one plant resulted in formation of high 
levels of assembled antibodies. Data were 
obtained by ELISA and non-denaturing western 
blotting but not by affinity chromatography. The 
two chimeric genes were first introduced individu- 
ally into different tobacco plants and then com- 
bined by sexual crossing. Parental plants express- 
ing only one chain showed iow levels of foreign 
protein. Fl plants expressing both chains revealed 
high levels of assembled antibodies. As RNA 
levels in all these plants were not significantly 
different light- and heavy-chain proteins have to 
be stabilized by aggregation. 

Both strategies to assemble active monoclonal 
antibodies in transgenic plants were successful. 
Therefore we can conclude that the most impor- 
tant factor is the presence of a signal peptide fused 
to the mature light- and heavy-chain proteins and 
not its origin. In addition to the work described 
by Hiatt et ai we could demonstrate purification 
of the functional assembled antibody by affinity 
chromatography and localization by electron 
microscopic immunogoid labeling. It was dem- 
onstrated that assembly indeed occurs in the 
endoplasmic reticulum also in transgenic plants. 
Both approaches may be useful also for assembly 
of other multimeric foreign proteins in plant 
tissue. 
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